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The combination of inorganic nanoparticles and organic microgels in one hybrid system allows 
for the preparation of new materials with multifunctional properties. Ideally, such hybrid 
materials reflect both the properties of its individual components and synergetic effects due to 
the interaction between inorganic nanoparticles and microgels. 
In the first part of this thesis, the fabrication of Cu2O@Poly(N-isopropylacrylamide) 
(PNIPAM) core-shell nanoreactors has been presented. It was found that the PNIPAM shell 
effectively protects the Cu2O nanocubes from oxidation. The core-shell microgels have been 
used as photocatalyst for the decomposition of methyl orange and a significant enhancement 
in the catalytic activity has been observed compared with the bare Cu2O nanocubes. Most 
importantly, the photocatalytic activity of the core-shell nanoreactors can be further tuned by 
the thermosensitive PNIPAM shell. The aqueous solution of Cu2O@PNIPAM core-shell 
nanoparticles with quite low solid content (1.5wt. %) can be also directly used as a novel ink 
material for the inkjet printing without adding any other surfactants and organic solvents. The 
gas sensor device printed by core-shell nanoparticles is more sensitive to NO2 than that made 
from the bare Cu2O nanocubes.  
In the second part, a kind of hybrid microgel has been fabricated by immobilization of 
catalytically active Au nanoparticles in the α-cyclodextrin (α-CD) modified poly(N-
vinylcaprolactam) (PVCL) microgels without addition of reducing agent and surfactant. The 
hybrid microgels can work efficiently as catalyst for the reduction of aromatic nitro-compounds 
by using the reduction of 4-nitrophenol (Nip) and 2,6-dimethyl-4-nitrophenol (DMNip) as 
model reactions. Due to the selective binding property of α-CDs to nitro compounds, the 
synthesized hybrid microgels show different catalytic activity for the target compounds, 4-
nitrophenol (Nip) and 2,6-dimethyl-4-nitrophenol (DMNip), during the catalytic reactions.  
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Die Kombination aus anorganischen Nanopartikeln und Mikrogelen in einem hybriden System 
erlaubt die Herstellung von Materialien mit vielseitigen neuen Eigenschaften. Im Idealfall 
weisen solche hybriden Materialien neben den Eigenschaften von beiden indivduellen 
Systemen zusätzlich synergetische Effekte auf, welche aus den Interaktionen zwischen dem 
anorganischen Nanopartikel und dem Mikrogel resultieren. 
Im ersten Teil dieser Arbeit wird eine neuartige und eingängige Methode zur Herstellung von 
Cu2O@PNIPAM Kern-Schale Nanoreaktoren präsentiert. Die PNIPAM Schale schützt dabei 
die Cu2O Nanopartikel effektiv vor Oxidation. Die Cu2O@PNIPAM Kern-Schale Strukturen 
wurden als Photokatalysator zum Abbau von Methylorange unter sichtbarem Licht eingesetzt. 
Im Vergleich zu den reinen Cu2O Nanopartikeln konnte eine signifikante Steigerung der 
katalytischen Aktivität festgestellt werden. Desweiteren kann die photokatalytische Aktivität 
mittels Temperatur durch die thermosensitive PNIPAM Schale abgestimmt werden. 
Verhältnismäßig geringe Konzentrationen einer Cu2O@PNIPAM wässrigen Lösung 
(1,5 Gew%) können direkt als neuartige Tinte genutzt werden. Keine zusätzlichen Additive 
oder organische Lösungsmittel sind für die Strahldruckprozesse vonnöten. Gedruckte 
Bauelemente bestehend aus den Cu2O@PNIPAM Kern-Schale Strukturen wurden als Gas 
Sensoren eingesetzt und zeigten eine geringere Nachweisgrenze für NO2 als die reinen Cu2O 
Nanowürfel. 
Im zweiten Teil der Arbeit wurden katalytisch aktive Au Nanopartikel an copolymerisierten α 
–Cyclodextrin (α-CD) Einheiten in einem Poly(N-vinylcaprolactan) (PVCL) Mikrogel 
immobilisiert. Diese hybriden Partikel sind sehr aktive Katalysatoren für die Reduktion von 
aromatischen Nitroverbindungen. Die Reduktion von 4-Nitrophenol (Nip) und 2,6-Dimethyl-
4-nitrophenol (DMNip) wurden als Modellreaktionen ausgewählt. Durch selektive 
Bindungseingenschaften der Nitroverbindungen an die α-CD Einheiten konnten verschiedene 
katalytische Aktivitäten für Nip and DMNip festgestellt werden. 
Schlagwörter: Hybride Mikrogele, Nnaoreaktoren, Cu2O Nanowürfel, Au Nanopartikel, 
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Hybrid materials are composites of two constituents at the nanometer or molecular level. In 
general, one of these compounds is inorganic and the other is organic in nature.1 Commonly, a 
hybrid material possesses both of the original properties of the components and the properties 
that do not exist in either of the parent components.2–4 In this thesis, two novel hybrid materials 
based on stimuli-responsive microgels have been synthesized and the applications of these two 
novel materials have been intensively investigated.5,6 In the following the main results of these 
studies will be presented and discussed. 
1.1 Hybrid materials based on stimuli-responsive microgels 
Stimuli-responsive microgels have gained increasing attention in recent years as they can 
undergo reversible conformational changes in response to external stimuli, which are often 
accompanied by variations in the physical and chemical properties of the polymers, such as 
volume, shape, surface area, solubility, or mechanical properties.7–10 More importantly, these 
properties can be used to tune the corresponding properties of the functional nanoparticles 
embedded inside the microgels.5,6,11,12 The hybrid materials based on stimuli-responsive 
microgels can be mainly classified into two groups. One is using microgel as the carrier to load 
different functional nanoparticles,13–17 the other is the core-shell hybrid microgels with 
functional nanoparticles as the cores.12,18–22 
1.1.1 Microgel as carrier for the generation of functional nanomaterials 
The stimuli-responsive microgels can provide excellent nucleation and growth environments 
for functional nanoparticles without aggregation due to the availability of free spaces in the 
swollen gel networks.12,23–25 Thus, the networks of the microgels are well-suited for in-situ 
synthesis of catalytically active metal nanoparticles. Until now, different microgel systems 
have been developed and applied as “nanoreactors” for the deposition of metal nanoparticles 
(NPs).26–28 
Liz-Marzán and his co-workers have successfully coated PNIPAM shell on the surface of 
highly magnetic iron oxide nanocrystals and stabilized silver nanoparticles in situ inside the 
PNIPAM networks. They also reported that the temperature-responsive PNIPAM shell with 
limited cross-linking density allowed for particularly efficient control of embedded Au 
nanoparticles.14,20,29 Kumacheva et al. used polyampholyte poly(N-isopropyl acrylamide-co-
acrylic acid-co-vinyl imidazole) (poly(NIPAm-AA-VI)) microgels as nanoreactors to fabricate 
gold nanorods within the microgels.15 In the research of Pich et al., poly[(N-vinylcaprolactam)-
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co- (acetoacetoxyethyl methacrylate)] (PVCL/AAEM) microgels have been used to 
immobilize ZnS nanoparticles by the reaction of zinc acetate and thioacetamide under 
ultrasonic agitation.17 Recently Suzuki et al. used NIPAM and 3-(methacrylamino) 
propyltrimethylammonium chloride (MAPTAC) as monomers to synthesize thermosensitive 
microgels as carriers to immobilize Au nanoparticles. In their study, the cationic sites in the 
microgels were used to nucleate the particle growth, while NaBH4 and dimethylamineborane 
were used as the reducing agents.16 In the previous study of our group, thermosensitive PS-
PNIPAM core-shell microgels have been applied as the nanoreactors to generate Ag 
nanoparticles as well as Au, Rh, Pt nanoparticles. 13,31,32 
In most of these studies, the synthesis of metal nanoparticles using microgels as template has 
been always conducted in the presence of strong reducing agents, such as NaBH4, H2, NH2NH2 
and so forth.33–35 The use of strong reducing agents, however, will limit the type number of 
microgels according to the functionalities within the polymer with respect to chemical 
stability.6,33,34,36 Moreover, a random distribution of metal nanoparticles inside the microgel 
structure will be obtained with such approaches. Developing a novel hybrid material based on 
microgel particles without use of reducing agents will open new possibilities for the synthesis 
of hybrid colloidal particles directly under mild conditions and facilitate the use for catalytic 
applications. 
1.1.2 Core-shell hybrid microgels with functional nanoparticles as the cores 
Recently, as the most famous stimuli-responsive microgels, poly(N-isopropylacrylamide) 
(PNIPAM) microgels have been used as the shells to modify inorganic nanoparticles.18,22 In 
this way, the nanoparticles encapsulated inside PNIPAM shells can be prevented from 
aggregation in aqueous solution.19  
For example, Liz-Marzán and co-workers developed Au@PNIPAM core-shell nanoparticles 
via the growth of PNIPAM gels on the surface of Au nanoparticles.29,37 Lu and her co-workers 
also successfully synthesized different kinds of core-shell or yolk-shell hybrid systems with 






Figure 1.1.2.1 TEM images of Au nanoparticles coated with PNIPAM: (A) spheres, (B) octahedral, 
(C) nanorods and (D) nanostars. (E) TEM image of Au-SiO2 core-shell nanoaprticles. (F) TEM image 
of Au-SiO2-PNIPAM trilayer composites. (G) Cryo-TEM image of Au-SiO2-PNIPAM core-shell 
nanoparticles. (H) TEM image of Au-PNIPAM yolk-shell nanoparticles. Reprinted from ref.12,20  
Copyright 2013 with permission from The Royal Society of Chemistry and 2012 with permission from 
WILEY-VCH. 
Besides the Au nanoparticles, Li et al. synthesized a novel Ag@PNIPAM core-shell 
nanocomposite particle which combines the thermoresponsive property of PNIPAM and the 
metal-enhanced fluorescence effect of Ag together.38 Yu and his co-workers prepared core-
shell nanoparticles comprised of a Fe3O4 core and a mesoporous silica shell coated with a 
PNIPAM layer.39 ZnO, CdS and several other kinds of metallic/metal oxide nanoparticles have 
also been used as the cores for the modification of PNIPAM.40–42 
Recently, Angioletti-Uberti et al. presented a theory for the diffusion- and solvation-controlled 
contribution to the reaction rate of such a core-shell “nanoreactor”.11 It was demonstrated that 
the thermosensitive shell can be used to enhance or reduce the local concentration and 
permeability of a given reactant and thus increase or decrease the total catalytic activity of the 
embedded nanoparticle, respectively. Thus, core-shell systems consisting of a catalytically 
active nanoparticle and a polymeric shell present a novel type of mesoscopic catalyst with 
tunable properties. 
Compared with the stable metallic/metal oxide nanoparticles, Cu2O nanomaterial is more easily 
degraded with the changes in environmental conditions, because of which the classical methods 
for the PNIPAM coating cannot be applied to Cu2O materials. Thus, to the best of our 
knowledge, until now very few work has been reported on the colloidal stable Cu2O 
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nanoparticles modified with PNIPAM shells. Such functional hybrid nanoparticles will not 
only improve the stability of sensitive semiconductor nanoparticles, but also can be applied as 
“nanoreactors” with stimuli-responsibility. 
1.2 Stimuli-responsive microgels 
Microgels are crosslinked polymeric particles, which were firstly proposed by Baker in 1949.43 
The word “micro” from Baker’s work refers to the size of the gel particles and the “gel” 
represents the swelling behavior of the particles in the solvent. Microgels containing interactive 
functional groups along the main polymeric chains are normally named as “stimuli-responsive” 
microgels. Recently, more and more attentions have been paid on this kind of special microgels. 
Because of the functionalized polymer chains, the solubility, volume, configuration and 
conformation of the microgels can be reversibly manipulated by external stimuli involving 
chemical and physical signals. The chemical signals including pH, metabolites and ionic 
species can alter the molecular interactions with the polymeric chains and solutes,44–47 while 
the physical signals, such as temperature, light, shear force, pressure and electrical potential, 
can be used to alter the energies of chain dynamics and molecular interactions.48–50 With further 
research on these special properties, stimuli-responsive microgels can be applied in different 
areas such as drug delivery,51,52 sensing,53,54 fabrication of photonic crystals,27,55,56 template-
based synthesis of metallic nanoparticles and purification technologies.44  
Among different kinds of stimuli-responsive microgels, thermo-responsive microgel becomes 
the most popular one since it exhibits properties in common with water-soluble polymers, water 
swollen macro gels and water insoluble latex particles at different stages with the increase of 
temperature.57 Nowadays, the most commonly used temperature-sensitive microgels are 
poly(N-isopropyl acrylamide) (PNIPAM) and poly(N-vinylcaprolactam) (PVCL), the 
monomer structures of which are shown in Figure 1.2.1, respectively.58–61 At low temperature, 
the polymer chains are soluble in water due to the formation of hydrogen bonds between the 
water molecules and the amide side chains. In this case, the PNIPAM and PVCL microgels 
exhibit similar properties like water-soluble polymers and water swollen macrogels. When 
temperature increases, the chains of microgel become hydrophobic, which leads to the 
shrinkage of the microgel by expelling water from the interior. At this stage, the property of 






Figure 1.2.1 Structures of N-vinylcaprolactam (VCL) and N-isopropylacrylamide (NIPAM). 
        
Figure 1.2.2. A schematic illustration of the transition behavior of PNIPAM microgels below and above 
the LCST.  
The mechanism of the changing of PNIPAM or PVCL microgels at different temperatures has 
been shown in Figure 1.2.2. In aqueous media, both PNIPAM and PVCL exhibit a lower critical 
solution temperature (LCST), which is attributed to a shift in the distribution of hydrophobic 
and hydrogen-bond interactions. 31,63 
Recently, the research on PNIPAM and PVCL thermosensitive microgels has been further 
developed. Makino et al., our group and several other groups have successfully used a two-
stage approach to synthesize polystyrene (PS)-PNIPAM core-shell systems.13,32,64 This kind of 
system can be used as nano-reactors for the generation of various metallic nanoparticles. Pich 
and his co-workers developed poly[(N-vinylcaprolactam)-co-(acetoacetoxyethyl methacrylate)] 
(PVCL/AAEM) co-polymer as the carriers for the generation of different metallic 
nanoparticles.65 Nowadays more and more researches have been focused on hybrid 
nanoreactors based on these two thermosensitive microgels.  
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1.3 Functional nanoparticles 
1.3.1 Au nanoparticles 
The modern research on gold nanoparticles began from 1850s when Michael Faraday first 
observed the different properties between gold nanoparitcles and bulk gold materials.66 Due to 
the unique properties of Au nanoparticles, they represent an ideal platform for chemical and 
biological sensing as well as applications in nanomedicine. Moreover, after Hutchings and 
coworkers first applied gold nanoparticles as catalysts for the hydrochlorination of ethylene to 
vinyl chloride, Au nanoparticles were discovered to display catalytic properties for various 
reactions.67  
Since the performance of the Au catalysts is highly dependent on the size and shape of the 
nanocrystals and the stimuli-responsive microgels can provide excellent nucleation and growth 
environments for nanoparticles without aggregation, various microgel systems have been 
developed and applied as “nanoreactors” for the deposition of Au nanoparticles (NPs). For 
instance, Ballauff and his co-workers used spherical polyelectrolyte brushes (SPB) as the 
carrier systems to obtain Au nanoparticles with an average size of 2-4 nm, which present very 
high catalytic activity for the p-nitrophenol reduction.68,69 PNIPAM and PVCL microgels have 
been also used to synthesize Au nanoparticles by Hellweg, Liz-Marzán and Pich, 
respectively.2,20,47,70  
However, for most of the above systems, the synthesis process of Au nanoparticles has been 
always conducted in the presence of strong reducing agents and a large amount of surfactant, 
which will impact on the surface property of gold nanoparticles.  
Although poly(N-vinyl-2-pyrrolidone) and polyvinylpyrrolidone (PVP) can work as both the 
surfactants and the reducing agents for the preparation of homogeneous metal nanoparticles, 
they could not work as the “nanoreactor” as observed for microgels.71,72 More recently, Pich et 
al. have reported that a newly developed N-vinylcaprolactam/acetoacetoxyethyl 
methacrylate/acrylic acid based microgel displays in situ reductive reactivity towards HAuCl4, 
forming hybrid polymer-Au nanostructures at ambient temperature without additional reducing 
agents.73  The Au nanoparticles immobilized inside the microgels have good catalytic activity. 
However the hybrid systems do not contain the selectivity for the reactants. Thus, it is still a 
big challenge to develop an active “nanoreactor” based on stimuli-responsive microgels for the 
generation of functional metal nanoparticles containing specific/selective binding domains on 





for the synthesis of metal hybrid colloidal particles directly under mild aqueous conditions and 
facilitate the use for catalytic applications. 
In this thesis, poly(N-vinylcaprolactam) (PVCL) microgel modified with reactive α-
cyclodextrins (α-CDs) has been synthesized and successfully used to reduce and stabilize Au 
nanoparticles in situ without any additional surfactant and reducing agents. Moreover, because 
of the different complexation abilities of CDs with aromatic nitro compounds with various 
structures, the Au nanoparticles could show specific/selective binding abilities to certain 
reagents resulting in enhanced catalytic activity.  
1.3.2 Cu2O nanoparticles  
Cu2O is a well-known native p-type semiconductor, which is highly abundant in the earth crust. 
As the band gap of Cu2O is 2.17 eV, it exhibits great potential for the applications in solar 
energy conversion, lithium-ion batteries, gas sensors, photocatalytic degradation of dye 
molecules, propylene oxidation and photoactivated water splitting. 74–77 Since the properties of 
the Cu2O nanoparticles are strongly dependent on their shape, there is a growing interest in the 
synthesis of Cu2O nanostructures with defined shape.78–83 Thus, Cu2O nanocubes, octahedral, 
nanocages, spheres, nanowires and other highly symmetrical structures have already been 
reported (as shown in Figure 1.3.2.1).77,84  
A main drawback for further applications of Cu2O nanoparticles is the easily oxidized property 
of Cu2O in water and the destroying of nanostructure of Cu2O depending on external conditions 
such as pH or visible light. For this reason, a simple and effective method providing protection 
of Cu2O-based nanostructures from oxidation is highly desirable.  Parecchino et al. 
successfully improved the chemical stability of a Cu2O layer in water by depositing multiple 
protective layers of Al-doped zinc and titanium oxide on the surface of it.86,87 
 
Figure 1.3.2.1 Cu2O nanoparticles with different nanostructures. Reprinted from ref.85 Copyright 2009 
with permission from American Chemical Socitety. 
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Similarly, Wang’s group found that both CuO and carbon can be used to protect Cu2O films 
and nanofibers.88,89 Notably, the aforementioned protection strategies have all been applied to 
protect one- and two-dimensional Cu2O materials. In the regard of zero-dimensional Cu2O 
nanoparticles, Yang et al.90 and Su et al.91 tried to synthesize Cu2O@SiO2 core-shell 
nanoparticles. Unfortunately the SiO2 shell makes Cu2O nanoparticles aggregate more easily 
and prevents further study on their surface properties.  
To the best of our knowledge, until now little work has been reported on the synthesis of 
colloidal stable Cu2O nanoparticles modified with microgels as the shells. Such functional 
core-shell nanoparticles will not only improve the stability of Cu2O nanoparticles, but can also 
be applied as “nanoreactors” with stimuli-responsibility. In this thesis, we present for the first 
time the synthesis and characterization of Cu2O@PNIPAM core-shell hybrid nanoparticles. 
We demonstrate that the stability of Cu2O nanocubes is significantly enhanced by the PNIPAM 
shell, and the photocatalytic activity of the Cu2O nanocubes can be tuned by temperature via 
the thermosensitive shell. 
1.4 Applications of hybrid materials based on stimuli-responsive microgels 
1.4.1 Active hybrid microgels nanoreactors 
Recent results show that the catalytic reaction rate of the metallic nanoparticles immobilized 
inside the thermosensitive microgels does not follow a typical Arrhenius-type dependence on 
temperature. This demonstrates that the volume transition within the thermosensitive network 
can be used as a switcher to tune the catalytic reaction rate of the hybrid microgels. Lu et. al 
found that the change of the catalytic reaction rate of the silver nanoparticles immobilized 
inside the PNIPAM network can be divided into three regions, which result from the diffusional 
barrier for the reactants induced by the shrinkage of the PNIPAM networks with the increase 
of the temperature. 13 A similar result has been also observed by Pérez-Juste et. al for the 
catalytic activity of Au nanoparticles encapsulated in PNIPAM microgels. 92 
Moreover, the reducing of the hydrophilicity of the thermosensitive microgels with increasing 
temperature will also influence the catalytic activity of the hybrid microgel nanoreactors 
towards the particular reactants. For example, Lu and her co-workers found that the catalytic 
activity of oxidation reaction of benzyl alcohol is in general more sensitive to the change of 
polarity than the diffusional barrier caused by the volume transition of PNIPAM networks. 12 
Recently, Angioletti-Uberti et. al presented a theory which combined a two-state 





rate observed in polymer-based, stimuli-responsive catalytic nanoreactors. The theory predicts 
the relationship between the changing of the catalytic reaction rate of the nanoreactors and the 
thermosensitive property of the microgels depending on the solvation free enthalpy change at 
the swollen-to-collapse transition of the thermosensitive hybrid microgel nanoreactors. 93  
1.4.2 Novel ink system for inkjet printing 
Inkjet printing is one of the most attractive surface patterning technologies in our daily life. 
Due to its advantages of low cost, efficient use of materials and scalability to large-area 
manufacturing, increasing attentions have been devoted to the applications of inkjet printing 
on fabricating optic or electronic devices, displays and sensors by directly printing conductive 
materials onto various functionalized substrates.94–101 In order to obtain high resolution of the 
printed patterns and increase the performance of the devices, the major challenges in inkjet 
printing technology are to increase the stability of the ink system to attain monodispersed 
patterns on the substrates without aggeragation, and to obtain suitable fluid properties of the 
ink, such as viscosity and surface tension, which should be beneficial for the high resolution 
inkjet printing according to the theory identified by Fromm in 1984. 102,103 
One of the most commonly used method is to use metal precursors instead of metallic 
nanoparticles as the ink systems. For example, Lewis et al. synthesized particle-free reactive 
silver inks by a modified Tollens’ process to do the inkjet printing, which is able to achieve 
bulk silver conductivity upon annealing at 90 °C for several times.104 Song and his co-workers 
fabricated a kind of stable and colourless silver precursor ink for directly printing silver 
conductive patterns. 105 However, the devices obtained after the printing process from this 
method still require additional treatment to reduce the precursors to metallic particles, which 
increases the cost and makes the experiment process more complicated. In addition, the 
metallic species after reducing process are always the bulk ones, which cannot exhibit 
properties as good as the nanoparticles. Another intuitive method is to increase the viscosity of 
the ink by mixing different kinds of solvent, increasing the solid content of the solute or adding 
large amount of surfactants. 101,106 However, this method is not suitable for unstable systems 
which are easy to be oxidized after long term preservation. Moreover, the volatilization of the 
small molecules from the surfactants and the non-aqueous solvent will lead to the 
agglomeration of the particles during the heating treatment.  
As one of the most well-known thermosensitive microgels, poly(N-isopropylacrylamide) 
(PNIPAM) have been used to modify inorganic nanoparticles. Due to the hydrophilic property 
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below lower critical solution temperature (LCST), PNIPAM shells can improve the colloidal 
stability of nanoparticles in aqueous solution and form an array with distance between each of 
the hybrid nanoparticles by drying on different substrates. 107 Because of the modification of 
PNIPAM shell, the viscosity of the solution will be substantially increased while the surface 
tension apparently decreased.108,109 All of these improvements make it possible to use the core-
shell nanoparticles solution based on PNIPAM as the novel ink system for the inkjet printing 
to obtain homogeneous deposition without introducing any other surfactants and solvents. Most 





2. Objectives of this Thesis  
The main objective of this thesis is to synthesize two novel hybrid thermosensitive microgel 
systems and to explore their corresponding applications. One is the hybrid core-shell 
nanoparticle with Cu2O nanocube as core and PNIPAM as shell. The Cu2O@PNIPAM core-
shell nanoparticles can be further used as photocatalysts with tunable photocatalytic activity 
and novel ink system to prepare gas sensor devices by inkjet printing method. The other system 
is the hybrid microgel based on PVCL with Au nanoparticles which shows specific/selective 
binding abilities to 4-nitrophenol and 2,6-dimethyl-4-nitrophenol resulting in different 
enhanced catalytic activity. The investigation on these novel multifunctional hybrid materials 
is carried out as following: 
The first part of this work focuses on the synthesis of Cu2O@PNIPAM core-shell systems. The 
morphology of the core-shell nanoparticles is characterized by methods of SEM, TEM and 
cryo-TEM. To characterize the stability of the Cu2O@PNIPAM nanoparticles in water, XRD 
and NEXAFS-TXM are performed for the samples kept in water for different times. The 
thermosensitivity of the core-shell nanoparticles is determined by DLS measured at various 
temperatures.  
The next part of this thesis aims at exploring the applications of Cu2O@PNIPAM core-shell 
nanoparticles. The photocatalytic activity of the core-shell nanoparticles is determined by the 
degradation of Methyl Orange under visible light, which is performed at different temperatures. 
UV-vis and ESR measurements has been carried out to investigate the rate of catalytic reaction 
and the relevant principles. The gas sensor devices made of core-shell nanoparticles are 
operated at a typical elevated temperature of 300 °C and exposed to varying levels of 0.5 -10 
ppm NO2 in dry synthetic air. The sensor property is compared with the device made of bare 
nanoparticles. The viscosity and surface tension of the core-shell nanoparticles aqueous 
solution are determined by Contact Angle System and Rheological measurements.  The inkjet 
printing method is used to obtain homogeneous deposition on the sensor devices with core-
shell nanoparticles solution as the novel ink system.  
Finally, the study is extended to the preparation of a new kind of nanoreactors based on poly(N-
vinylcaprolactam) (PVCL) microgel modified with reactive α-cyclodextrins (α-CDs) to reduce 
Au nanoparticles in situ. A comprehensive characterization is performed to characterize the 
morphology and dimensional information of these hybrid microgels. The specific/selective 
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catalytic activity of the microgels is determined by different enhanced catalytic activity to 4-





3.1 Thermosensitive microgels 
Thermosensitive microgel is a kind of gels that the polymer network can change its volume in 
response to a change in temperature. The best known examples of these polymers are PNIPAM 
and PVCL.6,58–61In water solution, both PNIPAM and PVCL can exhibit a lower critical 
solution temperature (LCST) at about 30-35°C.70,110–112 Below the LCST, the amide side chains 
of the microgels will form the hydrogen bonds with water molecules, which leads to the 
hydrophilic property of the microgels at low temperature. When the temperature increases, the 
hydrogen bonds between the microgels and water molecules become weak, which can be 
substituted by the intermolecular hydrogen bonds and nonpolar bonds, as shown in Fig. 3.3.1. 
Thus, with increasing of the temperature above the LCST, water is expelled from the microgel 
interior and the microgel transforms from hydrophilic to hydrophobic, which leads to the 
shrinkage of the microgels.113,114  
 
Figure 3.1.1 Swelling and deswelling behavior of the PNIPAM network below and above the LCST: 
the amide groups of PNIPAM can form the hydrogen bonds with water molecules below the LCST 
which can be substituted by the intermolecular hydrogen bonds and nonpolar bonds above the 
LCST.115,116  
Besides the stimulus responsive behavior towards the temperature, thermosensitive microgels 
also contain several advantages over other systems, such as colloidal stability, ease of synthesis, 
and good control over particles size.117 Thus, this kind of microgels are suitable for the 
stabilization of metallic nanoparticles. 26,30,118–122 Firstly, the colloidal stability of the 
immobilized metallic nanoparticles will be significantly increased and no aggregation can be 
observed for the hybrid systems, because of which the hybrid materials can combine the 
advantages of both homogeneous and heterogeneous catalysts.123 In addition, when the 
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microgels are used as reactors for the immobilization of metal nanoparticles, the size of the 
nanoparticles can be tuned through the crosslinking degree of the microgels.32,124 Moreover, 
for the sensitive nanomaterials such as Cu2O, the modification with microgel shell can 
effectively protect the embeded materials from oxidation for months.5 At last, since the 
thermosensitive property of the microgels is retained after the doping of the metal nanoparticles, 
the catalytic activity of the metal nanoparticles becomes tunable by changing the 
temperatures.65  
Therefore, the use of thermosensitive microgels as carrier systems or the shells for the 
catalytically active metal or semiconductor nanoparticles makes it possible to obtain an active 
nanoreactor with tunable catalytic activity.  
3.2 Catalytic applications of metal nanoparticles  
Because of high surface area to volume ratio, metal nanoparticles contain a large contact area 
between the active material of the catalyst and the surrounding gas or liquid phase. This ensures 
the effective catalytic applications of metal nanoparticles.125 Moreover, the nanosized metallic 
nanoparticles will show different catalytic properties from the bulk ones. For instance, Au was 
always considered as chemically inert126 until Au nanoparticles (<5 nm) were found as effective 
catalysts. 127 
 
Figure 3.2.1 a) Absorption spectrum of Nip by sodium borohydride. The main peak at 400 nm 
(nitrophenolate ions) is decreasing with reaction time (blue arrow), whereas a second peak at 300 nm 
(Amp) is slowly increasing. The two isosbestic points are visible at 280 nm and 314 nm. b) Typical 
time dependence of the absorption of 4-nitrophenolate ions at 400 nm. The blue portion of the line 
displays the linear section, from which kapp is taken. The induction period t0 is marked with the black 





Among different catalytic reactions in the presence of metallic nanoparticles, the reduction of 
p-nitrophenol by sodium borohydride can be used as a model reaction to determine the catalytic 
activity of different metal nanoparticles because of its following advantages: proceeding 
without side reactions,128 cannot continue without the catalyst,129 easy to be monitored,130–132 
taking place under mild conditions, and no degradation or transformation of the metal 
nanoparticles occuring within the measured temperature range. 
The typical evolution of the UV-vis spectra of Nip with time in the presence of Pt nanoparticles 
has been shown in Fig. 3.2.1a. Similar results have been also obtained for the catalytic runs 
with Au nanoparticles.6 Nip shows a distinctive absorption peak at 400 nm and the p-
aminophenol (Amp) exhibits a weak absorption peak at around 300 nm at high pH condition. 
Thus, the reduction of Nip is easily followed by UV-vis spectroscopy by the decrease of the 
strong absorption of Nip anion at 400 nm, leading directly to the rate constant.133 Moreover 
several isosbestic points in the spectra of the reacting mixtures demonstrate that there are no 
side reactions and only one product is formed. If an excess of sodium borohydride is used, the 
reaction rate can be calculated by pseudo first order reaction from the vanishing intensity of 
the absorption at 400 nm.133,134 A typical time dependence of the UV peak of 4-nitrophenolate 
ions at 400 nm has been shown in Fig. 3.2.1b. The generation of 4-nitrophenolate ions takes 
place immediately after addition of borohydride in the system. After an induction time t0, the 
reaction becomes stationary and follows a first-order rate law. The apparent rate constant kapp 
can be obtained from the liner slope. Moreover, the apparent kinetic rate constant kapp is strictly 
proportional to the total surface S of all metal nanoparticles.135–137 Hence, a kinetic constant k1 
can be defined through normalization to the total surface of the nanoparticles in the system: 
                                                      
𝑑𝐶𝑁𝑖𝑝
𝑑𝑡
= −𝑘𝑎𝑝𝑝𝑐𝑁𝑖𝑝 = −𝑘1𝑆𝑐𝑁𝑖𝑝                            (3.2.1) 
This rate constant, k1, can be applied to compare the catalytic activity of different metal 
nanoparticles.138 
Since the catalysis takes place on the surface of the nanoparticles, 139–143 a full analysis of the 
heterogeneous reduction of Nip in the presence of metallic nanoparticles has been studied by 
using Langmuir-Hinshelwood kinetics.144–146  
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Scheme 3.2.1 Direct route of the reduction of 4-nitrophenol by metallic nanoparticles: In step A, 4-
nitrophenol (Nip) is first reduced to the nitrosophenol which is quickly converted to 4-
hydroxylaminophenol (Hx). This compound is the first stable intermediate. Its reduction to the final 
product, namely 4-aminophenol (Amp), takes place in step B, which is the rate-determining step. There 
is an adsorption/desorption equilibrium for all compounds in all steps. All reactions take place at the 
surface of the particle. 
The reaction scheme of the conversion of p-nitrophenol to p-aminophenol by sodium 
borohydride with metallic nanoparitlces as the catalysts has been shown in scheme 3.2.1. 
Firstly, Nip is reduced to 4-nitrosophenol and then to 4-hydroxylaminophenol (Hx) which is 
the only stable intermediate during this reaction.22,147 Hx is reduced to Amp in the final step 
(see scheme 3.2.1). Thus, this reaction can be modeled in two steps termed A and B: In the first 
step, Nip is reduced to Hx. Then Hx is reduced to aminophenol in step B. The reaction of Nip 









                 (3.2.2) 
S represent the surface area of used nanoalloys normalized by the volume of reaction solution, 
ka is the reaction rate of step A normailized to S, θNip and θBH4 denote the surface coverage of 
the nanoparticles by Nip and borohydride, respectively. In the same way, the reduction of Hx 









Hence, with the Langmuir-Freundlich adsorption isotherm equation, we get a system of two 





















2  (3.2.5) 
where cNip,  cHx and cBH4 are the actual concentrations of Nip, 4-hydroxylaminophenol, and 
Amp, respectively. KNip, KHx and KBH4 are the Langmuir adsorption constants of the respective 
compounds. S denotes the total surface of all nanoparticles in the solution, ka and kb are the 
reaction rate of step A and step B normailized to S respectively. These two equations contain 
the reaction rates of the different steps as well as the adsorption constants of different 
components that fully define the kinetics of this reaction. 
3.3 Hybrid microgels as “active” nanoreactor with tunable catalytic activity 
The hybrid microgels used for the catalytic reactions can be mainly classified into two groups. 
One is core-shell hybrid microgels with metallic nanoparticles as the core and microgel 
network as the shell. The other one is the microgels filled with metallic nanoparticles, as shown 
in figure 3.3.1. For both systems, the microgel provides an ideal catalytic environment for the 
metallic nanoparticles due to its superior colloidal stability and protects metallic nanoparticles 
from aggregation. 
 
Figure 3.3.1 Schematic of the hybrid microgels used for the catalytic reactions: A) core-shell hybrid 
microgels with metallic nanoparticles as the core and microgel network as the shell. B) microgels filled 
with metallic nanoparticles.  
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3.3.1 Synthesis of hybrid microgels 
Because of the non-dense network polymer structures and the colloidal stability, microgels can 
be used as a suitable carrier system for the fabrication of catalytically active metal nanoparticles, 
which can be considered as an active nanoreactor for different kinds of catalytic reactions. 
So far, different microgel systems have been developed and applied as carrier systems for the 
deposition of metal nanoparticles. As shown in figure 3.3.1.1, there are a lot of free spaces in 
the swollen gel networks, which can provide excellent growth environment for the metallic 
nanoparticles without aggregation. The normal process for the in-situ synthesis of metal 
nanoparticles has been visualized in figure 3.3.1.1.  
Firstly, the microgels with functional groups in the network can be obtained by 
copolymerization with variety of comonomers.26,120 Metal ions, which are the precursors of 
metal nanoparticles, will be confined within the microgels by the electrostatic interaction122,148 
or the strong binding forces with the functional groups inside the microgels.15,149 Then the 
reducing agent, such as sodium borohydride, hydrogen, NH2NH2 and so forth, is introduced 
and the metallic nanoparticles begin to grow in-situ inside the network of the 
microgels.33,36,150,151 In the end, the hybrid microgels can be cleaned via ultrafiltration or 
dialysis. Different from the classic hybrid microgels, some polymers, such as poly(N-
vinylcaprolactam) (PVCL), can not only supply the isolated reaction space for the generation 
of metallic nanoparticles, but also work as the reducing agent for metal precursors.6,73 As 
shown in figure 3.3.1.2, amide group in the PVCL molecules can transform to enol structure 
with a hydroxyl group under high pH conditions.152 After the transformation, the microgel will 
contain a structure similar to long-chain alcohols. This can be used as reducing agent for the 
synthesis of metal nanoparticles.153,154 Compared to the traditional microgel systems, there is 
no need to use strong reducing agent for the formation of metal nanoparticles for this kind of 
microgels. 
 






Figure 3.3.1.2 Transformation process of the structures in PVCL microgels under high pH conditions.  
3.3.2 Hybrid microgels as stimuli-responsive nanoreactors 
In recent years, stimuli-responsive microgels have been applied as active nanoreactors for 
metal nanoparticles.12,13,31,37 Here the nanoparticles are embedded in a polymer gel that reacts 
to external stimuli and the reactant diffusion can be tuned by external parameters, e.g. 
temperature or pH, due to the phase transition of the microgel networks. Thus, the catalytic 
activity of the metallic nanoparticles embedded in stimuli-responsive microgels can be tuned 
accordingly. The best-studied examples of such hybrid microgel nanoreactors are microgels 
made from PNIPAM with a volume phase transition at 32°C. It has been reported that the 
catalytic activity of metal nanoparticles embedded in such stimuli-responsive microgels can be 
tuned by using temperature as the external stimulus.13 
 
Figure 3.3.2.1 a) Arrhenius plots of the reaction rate constant k1 (the apparent rate constant kapp 
normalized to surface area of Au nanocatalyst immobilized in the Au-PNIPAM yolk-shell carriers. 
Rectangles: 4-NP; triangles: NB. b) Schematic diagram of Au-PNIPAM yolk-shell nanoparticles.12 
Copyright 2012, with permission from Wiley-VCH.  
As shown in figure 3.3.2.1, the catalytic activity of Au-PNIPAM yolk-shell particles has been 
measured as a function of temperature for the reductions of Nip and nitrobenzene (NB), 
respectively. For both of the reactants, the rate constants do not follow a simple Arrhenius law 
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with constant activation energy. Compared to the changing of the catalytic reaction rate of Nip 
by Au@PNIPAM york-shell nanoparticles as a function of temperature, the change of reaction 
rate for the reduction of NB is totally different. When the networks of the PNIPAM fully shrink, 
the reduction rate of NB increased, such that an inversion takes places from a Nip-favored 
reduction conditions (T<LCST) to a NB-favored reduction condition (T>LCST). Moreover, 
right at the LCST of PNIPAM, a local minimum rate was observed, which is similar to the 
results for metallic nanoparticles immobilized in PS-PNIPAM systems.12 
The main reason of this phenomenon must be the difference between the hydrophilicity of NB 
and Nip.128 Due to the hydrophobic nature of NB, the affinity of NB to the microgels was 
enhanced when the microgel’s network became hydrophobic at high temperature. A higher 
number density of NB was expected in the microgels in the collapsed state, which led to the 
faster catalytic reaction rate. Conversely, the reactivity of the rather hydrophilic Nip is 
decreased when raising the temperature to the LCST of PNIPAM.  
To discuss the catalytic reaction behavior based on stimuli-responsive microgels in further 
detail, the total reaction rate kt, can be split into a diffusion controlled reaction rate kD and the 
surface reaction controlled rate constant kR of the free particles:93,155 
                      𝑘𝑡
−1 = 𝑘𝑅
−1 + 𝑘𝐷
−1                               (3.3.1) 
For the microgel hybrid nanoparticles, the surface reaction rate, kR, can be approximated by the 
rate constant measured on the free particles without influence of the microgels and the diffusion 
controlled rate, kD, can be given by the Debye-Smoluchowski expression:155 







                          (3.3.2) 
where Rnp is the radius of nanoparticles embedded in stimuli-responsive microgels, β=1/kBT is 
the thermal energy, D(r) is the distance-dependent diffusion constant, ∆Gsol(r) is the local free 






Figure 3.3.2.2. Schematic representation of a yolk-shell nanoreactor. At center core of the nanoreactor 
sits a metal nanoparticle (blue) of radius Rnp, embedded in a spherical polymer shell of inner radius Rg 
and outer radius Rg+d. The reactants have to overcome a solvation free-enthalpy barrier ∆Gsol(r) to 
reach the nanoparticle depicted by the dotted lines. Copyright 2015, with permission from American 
Chemical Society. 
As shown in fig.3.3.2.2, for the yolk-shell nanoreactors, ∆Gsol(r) is ∆?̅?sol inside the polymer 




















  (3.3.3) 
We assume in the following that the reactants have a diffusion constant inside the gel Dg that 
is much smaller than in the bulk, that is Dg « D0, one can further simplify eq 3.3.3 as12 
𝑘𝐷 = 4𝜋𝐷𝑔𝑐0𝑅𝑔exp (−𝛽∆?̅?𝑠𝑜𝑙)      (3.3.4) 
Here, terms of order 1/(Rg+d) have been neglected inasmuch as Rnp and Rg are typically 
considerably smaller than Rg+d. Since ∆?̅?𝑠𝑜𝑙 = ∆?̅?𝑠𝑜𝑙 − 𝑇∆𝑆?̅?𝑜𝑙, the logarithm of the diffusion 
controlled rate constant kD is given by 






  (3.3.5) 
Thus, the equation demonstrates that the changes in diffusion rate are governed by the 
following two terms:128 first, compared to the bulk solution, the diffusion of the reactants 
through the network is slowed down since Dg <D0. Second, the changes of the transfer free 
energy ∆G̅sol will have a profound influence on the measured temperature dependence. Hence, 
the transfer entropy ∆S̅sol determines the intercept of the Arrhenius plot of kD while the slope 
will be dominated by the respective enthalpy ∆H̅sol of the solute from the bulk into the network. 
Moreover, if Rg=Rnp, the above model can be also applied to the core-shell systems. 
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3.4 Photocatalytic mechanism of Cu2O  
 
Figure 3.4.1 Electronic band structures of metal, semiconductor, and insulator indicating the Fermi level. 
The blue band is conduction band, the brown band is valence band, the dotted line is Fermi level and 
the Eg is energy band. 
The intrinsic semiconductor is the semiconductor containing only one element or one 
compound which behaves as insulator at 0 K. When this kind of semiconductor is doped with 
acceptor atoms, p-type semiconductor will be produced. Because these atoms can take 
electrons from valence band by being reduced, the majority carriers are the positive holes. 
Correspondingly, n-type semiconductors are the semiconductors doped with donor impurities 
which provide electrons to the conduction band. Thus, for the n-type semiconductor, the 
majority carriers are the electrons. In addition, Fermi level will also shift because of the 
different impurities. The schematic of different kinds of semiconductors have been shown in 
Figure 3.4.1. 
Because of oxygen excess exhibited as copper vacancies, which introduces the holes states and 
a stoichiometry defect of copper ion vacancies, cuprous oxide (Cu2O) is considered as a 
prototypical p-type material. Due to the different synthesis process, the band gap of Cu2O is 
from 1.8 eV to 2.2 eV.156 Therefore, when the energy of photons is higher or equal to the band 
gap energy of Cu2O, the photons can be absorbed.  
If Eg represents the minimum energy of the photon which can be absorbed by the 
semiconductor, we can get the spectral absorption limit of Cu2O from 688 nm to 563 nm 
according to the Planck-Einstein relation. It means the light, of which the wavelength is less 






Figure 3.4.2 Schematic diagram of the production process of the hydroxide radicals by Cu2O under 
visible light.  
When the photons were absorbed by Cu2O, the electrons (e-) from the valence band (VB) 
transferred to the conduction band (CB) generating a hole (h+) in the VB. In water solution, 
electrons transfer from water molecule to the positive holes to produce OH• radicals which are 
powerful oxidants and react with organic and toxic compounds.76,85,157,158 The production 
process of the hydroxide radicals by Cu2O has been shown in Figure 3.4.2. 
 
Figure 3.4.3 a) The unit cell of the cuprous oxide Cu2O and (b-d) the atomic arrangements in the (110) 
b), (111) c), and (100) d) planes of the Cu2O structure, repectively. The inset in each graph is the three-
dimensional model of the terminated layer structure. Reprinted from ref159. Copyright 2010, with 
permission from American Chemical Society.  
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Moreover, the photocatalytic mechanism of Cu2O is also closely associated with the surface 
crystal structures of Cu2O nanomaterials and the charge of the reactants. For Cu2O, each O is 
surrounded by a tetrahedron of Cu, and each Cu has two O neighbors.  
Figure 3.4.3c shows that {111} planes with Cu dangling bonds are positively charged, which 
is similar with {110} planes in Figure 3.4.3b. On the contrast, the {100} planes contain 100% 
saturated oxygen bonds and thus are electrically neutralized.77,84,85,157,160,161 
When the reactant is negatively charged, such as Methyl Orange (MO), the positively charged 
{110} and {111} facets should interact more strongly than {100} facets.159 If the reactant is 
positively charged, such as Methylene Blue (MB), the reaction rate will be obviously decreased 
compared with negatively charged reactant as there is no attractive interation between reactant 
and crystal facets of Cu2O nanoparticles, Considering that different Cu2O nanomaterials will 
contain different crystal facets, the reaction rate should be quite different (see figure 3.4.4) 
when the Cu2O nanomaterials with different nanostructures are used as the photocatalysts for 
the same reaction.  
In the case of Cu2O nanocubes, all of the crystal surfaces of Cu2O nanocube belong to {100} 
facets, it has been demonstrated that it contains almost no photocatalytic activity when used as 
photocatalyst for the decomposition of negatively charged organic dye molecules.159 
 
Figure 3.4.4 a) The curves of adsorption and photodegradation of MO by Cu2O 26(18)-facet polyhedral, 
octahedral, and cubes, respectively. b) A plot of the extent of photodegradation of methylene blue vs. 
time for the Cu2O cubes and octahedral is shown. The blank sample did not contain Cu2O crystals but 
only the methylene blue solution. Reprinted from ref 85. Copyright 2009, with permission from 





3.5 Gas sensor mechanism of CuO 
Based on the constitutional principle of sensor devices, the semiconductor gas sensors can be 
classified into five types:  resistor, diode, metal-insulator-semiconductor capacitor, metal-
insulator-semiconductor field effect transistor and oxygen concentration cell. Compared with 
the other four types, resistor semiconductor gas sensor is the most commonly used type at the 
moment and is also the only type successfully applied on the market at present. For the resistant 
semiconductor gas sensor, the host semiconductor can directly or indirectly supply or accept 
electors to or from the gases, which will influence the resistant of the semiconductor materials. 
As a kind of p-type semiconductor, CuO can also be used as the gas sensor materials and the 
mechanism of CuO gas sensor includes two steps. 
Firstly, when CuO gas sensor device is placed in air, oxygen can be adsorbed on the surface of 
CuO in the form of O- by the following reactions. 
1
2
𝑂2 + 𝑆𝐴 → 𝑂
− + ℎ+              (3.5.1) 
where O2 represents oxygen atmosphere, SA means an adsorption site for oxygen, O- is the 
adsorbed O anion and h+ is the created hole in the CuO valence band. Due to the production of 
the holes, the resistant of CuO is decreased until the adsorption equilibrium.  
Then the testing gases will react with the O- and the resistant of the device will be changed 
accordingly, which can be used as the gas sensor signals. For the reducing testing gases, such 
as CO, O- will react with CO and the released electron will combine with vacancy again as 
shown in equation 3-2, which will result in the decrease of the vacancies and the increase of 
the resistant of CuO. 
CO + 𝑂− + ℎ+ → 𝐶𝑂2 + 𝑆𝐴        (3.5.2) 
On the other hand, for the oxidizing gases, such as NO2, more electrons will be consumed and 
the conductivity of the CuO device will be increased with the resistance of the device decreased 
at the same time (see equation from 3-3 to 3-6).162 
𝑁𝑂2 + 𝑒
− → 𝑁𝑂2
−           (3.5.3) 
𝑁𝑂2
− + 𝑂− + 2𝑒− → 𝑁𝑂 + 2𝑂2−  (3.5.4) 
NO + 𝑒− → 𝑁𝑂−            (3.5.5) 
2𝑁𝑂− → 𝑁2 + 2𝑂
−         (3.5.6) 




Figure 3.5.1 Schematic of gas interaction and flow of current in different kinds of CuO gas sensors: A) 
CuO nanoparticles. B) CuO bulk materials. 
Except the intrinsic characteristics of CuO, the morphology of the materials can also impact on 
the gas sensor properties. As shown in Figure 3.5.1, for the bulk CuO gas sensor device, gas 
interaction only takes place on the surface of the materials and the flow of current is hardly 
influenced by the resistance changing from the surface of the materials. On the contrary, for 
porous layers in Figure 3.5.1A, the gas can flow into the entire layer and the resistance of every 
CuO nanoparticles will be affected by the testing gases. Because the current is forced to flow 
by passing from one particle to the next, the resistance changing of each CuO nanoparticle will 
directly influence the whole gas sensor device’s resistance. That is why the porous gas sensor 
devices are always more sensitive than the bulk ones.163 
3.6 Inkjet printing 
Inkjet printing is a material’s conservation and deposition technique only used for liquid phase 
materials, of which the solute can be dissolved or dispersed in a solvent. The use of inkjet for 
the direct deposition of metal nanoparticles and various other materials not only reduces the 
cost of materials, but also eliminates the time-consuming production steps. Moreover, this 
technology allows a required pattern on various substrates, such as MEMS sensing chips and 
so on.96–99,103,164 The main properties affecting the printing result of using inkjet printing for 
the deposition of nanodispersions are the parameters of the printer and the ink properties. 
3.6.1 Printer parameters 
A piezoelectric inkjet system uses a piezoelectric material to convert applied externally 
electrical energy into mechanical deformation of an ink chamber. For this printing method, the 
following printer parameters will affect the printing quality of using nanoparticles solution as 
the ink. Firstly, the piezoelectric displacement is proportional to the applied voltage and larger 





voltage value, which is the minimum value to eject the drop, both the volume and velocity of 
the droplets increase with voltage if all other parameters are kept constant.  
Secondly, the size of the nozzle is another driving parameter of the printer influencing the 
printing quality. The smaller the nozzle size is, the smaller the droplets will be obtained when 
the other parameters are kept unchanged. However, if there are nanoparticles dispersed into the 
ink, the diameter of the nozzle should be at least 20 times larger than the nanoparticles, which 
will prevent the clogging. 102 At last, the distance between the nozzle and the substrate should 
be larger than the minimum distance, which can be defined as the minimum stand-off distance, 
that the drop needs to transform into a single droplet after ejected from the nozzle. But a longer 
minimum stand-off distance will lead to unstable and inaccurate deposition for the ink-jet 
printing. Thus, a proper ink system is indispensable for high-quality printing. 
3.6.2 Ink property 
The important ink properties include viscosity, density and surface tension, which can 
influence the drop formation mechanism and subsequent drop size at a given voltage. The 
inverse (Z) of the Ohnesorge number can be defined to represent the fluid ink physical 




= 𝑂ℎ−1                (3.6.1) 
where a is the radius of the printing orifice, ρ is the density of the ink, γ is the surface tension 
of the ink, and η is the viscosity of the ink.  
Although for different ink materials, the jettability range of Z is different, the printable range 
of Z is normally considered within 1<Z<14 164. If the value of Z is too high, a large number of 
satellite droplets will be formed, whereas if it is too low, the ink will need more energy to form 
a new drop near the nozzle tip, which will prevent the separation of a drop. According to 
literature 103, for the same ink system, the Z value of the ink is closer to the maximum value of 
the printable range, it is easier to form single droplets at higher frequencies and the travel 
velocity of the droplet will be increased, because of which the minimum stand-off distance 
between the nozzle and the substrate (MSD) will become shorter and the positioning error of 
the printing process will become smaller.  
For different printing systems, the requirements for the Z value of the ink are different. In this 
thesis, in order to obtain a gas sensor device with multi uniform layers of particles and save the 
materials as much as possible at the same time, a kind of ink with high Z value but low materials 
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loading is highly needed. Considering that the PNIPAM shell can not only increase the 
viscosity of the ink, but also enhance the colloid stability of the nanoparticles, the nanoparticles 




4. Cu2O@PNIPAM core-shell nanoparticles 
4.1 Synthesis and Characterization of Cu2O@PNIPAM core-shell nanoparticles 
Due to the sensitive properties of Cu2O nanoparticles which can form complexes with many 
chemical groups, such as amino-group, and can be easily etched by the changing of pH 
conditions, it is very difficult to coat polymer on the surface of Cu2O nanomaterials. Thus 
there’s lack of knowledge for the synthesis of colloidal stable Cu2O nanoparticles with 
PNIPAM shell.  In this part of the thesis, we present for the first time the synthesis and 
characterization of Cu2O@PNIPAM core-shell hybrid nanoparticles. The related properties of 
the Cu2O nanoparticles can be enhanced or tuned by the PNIPAM shell accordingly. 
4.1.1 Fabrication of Cu2O nanoparticles 
4.1.1.1 Cu2O nanocubes 
Cu2O nanocubes were initially synthesized by the seed-mediated method.166 Since the {100} 
crystal planes have minimum energy state and Cl- can be used to stabilize {100} planes, CuCl2 
solution was used for the fabrication of Cu2O nanocubes. In order to obtain cubic nanoparticles 
with better morphology, NaOH solution was used to slow down the growth rate of the Cu2O 
nanoparticles by forming Cu(OH)42- to decrease the reduction rate of Cu2O.167 By controlling 
the size of the seeds for the growing steps, Cu2O nanocubes with different scales were obtained 
as shown in Figure 4.1.1.1.  
Except sample A and sample B, all of the other Cu2O nanoparticles contain the cubic shapes 
and some small sections were found at the corners of the Cu2O nanocubes due to the 
stabilization from sodium dodecyl sulfate (SDS) on the {111} facets which has been reported 
recently.68 With increasing the size of the seeds, the scales of the Cu2O nanocubes increased 
from 24 nm to 314 nm. The size of the particles was measured based on their TEM images by 
counting more than 100 particles (A: 24.7±4.6 nm, B: 32.6±6.6 nm, C: 36.1±5.9 nm, D: 
104±8.4 nm, E: 259±19 nm and F: 314±92 nm). For sample A and sample B, since the size of 
the seeds used for the growing process is too small, it is hard to obtain Cu2O nanocubes after 2 
hour growing process. Also the small particles prefer to aggregate together instead of growing 
into cubic structures, which can be seen from TEM images in Figure 4.1.1.1. When the size of 
the seeds used for the growing process is increased, cubic shapes can be obtained (see Figure 
4.1.1.1c to f). However, if the size of the seeds used for the growing process is too big, the 
amount of Cl- and SDS in the system is not enough to control the growing speed of all of the 
particles due to large surface area, because of which the size distribution of the particles become 
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un-uniform (see Figure 4.1.1.1f). Considering that the cubic structures and the size of the 
particles have close relationship with the properties of the Cu2O nanoparticles and are quite 
important for the PNIPAM coating process, sample E has been chosen as the cores for the 
PNIPAM modification.  
The XRD patterns of the as-prepared Cu2O nanocubes are presented in Figure 4.1.1.2 a. The 
peaks at 2θ= 29.63°, 36.50°, 42.40°, 61.52°, 73.70° and 77.57° correspond to the Bragg 
reflections of Cu2O nanocrystals at {110}, {111}, {200}, {220}, {311}, and {222} facets, 
indicating the production of fresh Cu2O. The size distribution of Cu2O nanocubes from sample 
E has been shown in Figure 4.1.1.2b. By counting hundreds of paritcles in the TEM image, the 
average size of Cu2O nanocubes from sample E is 259±19 nm. The formation of the Cu2O 
nanoparticles can be followed by the change of color in the solution and the UV-vis spectra. 
As shown in figure 4.1.1.3, with the formation of Cu2O nanocubes, the color of the solution 
changed from light blue to orange and an absorption band can be observed at around 515 nm 
in the UV-vis spectra of Cu2O nanocubes solution. The absorption band in the red and near-
infrared regions comes from the light scattering of the large Cu2O nanocubes.168  
 
Figure 4.1.1.1 TEM images of Cu2O nanoparticles from sample A to sample F. 




Figure 4.1.1.2 (a) XRD pattern and (b) size distribution of Cu2O nanocubes measured from the TEM 
image by counting more than 100 particles. 
 
Figure 4.1.1.3 (a) the photo of CuCl2-SDS solution (left) and Cu2O nanocubes solution (right). (b) UV-
vis spectra of CuCl2-SDS solution (low) and Cu2O nanocubes solution (up). 
4.1.1.2 Cu2O nanospheres 
The synthesis of Cu2O nanospheres relies on a precipitation reaction as shown in Figure 4.1.1.4. 
By using PVP as the surfactant and N2H4 as the reducing agent, Cu2O nanospheres can be 
obtained by the aggregation of the Cu2O nucleis. The changing of the color from blue to orange 
indicates the generation of the Cu2O nanoparticles. The UV-vis spectra of the sample has been 
shown in Figure 4.1.1.6, with the generation of Cu2O nanospheres, an aborption band at around 
468 nm can be observed. 




Figure 4.1.1.4 The synthesis process of Cu2O nanospheres. 
 
Figture 4.1.1.5 (a) The photo of Cu2NO3-PVP (left) and Cu2O nanospheres solution. (b) UV-vis spectra 
of Cu2O nanospheres solution. 
As a surfactant, PVP could act not only as a stabilizer to prevent the aggregation of the products 
but also a shape-controller to influence the formation of different kinds of Cu2O crystals 
structures. It is reported that PVP preferred to be adsorbed on the {111} planes of Cu2O and 
decreased the surface energy of it, which leads to the lower growth rate of {111} planes 
compared with {100} planes.169,170 Since the crystal structures is determined by the planes with 
the slowest growing speed, when the amount of PVP used during the reaction is limited in the 
range of 0.5 -1.5 mM, Cu2O will grow into truncated cubes or octahedral structures.66 However 
if continue to increase the amount of PVP in this synthesis process, owing to the high coverage 
of PVP on all planes of the Cu2O nanocrystals, spherical particles will be generated. In addition, 
by using N2H4 as the reducing agent, the nucleation of Cu2O was very fast and the PVP acted 
as a structural directing agent to mediate aggregation of the seeds particles into solid spheres. 
The SEM images and size distribution of the Cu2O nanospheres with different amount of PVP 
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have been shown in Figure 4.1.1.6. When more PVP was used in the experiment, the size of 
the Cu2O nanospheres became smaller and the size distribution became broader.  
More PVP used during the synthesis process of Cu2O nanospheres will lead to an isotropic 
growth mode and loose spherical particles due to the protection effect of PVP around the small 
Cu2O nanoparticles, which makes the agglomeration of the Cu2O small particles more difficult. 
As shown in Figure 4.1.1.7, when the amount of PVP was increased from 0.2g to 0.5g, the size 
of the Cu2O nanospheres became smaller171 and the surface of the Cu2O nanospheres became 
rougher (see the insert images in Figure 4.1.1.7).  
 
Figure 4.1.1.6 SEM images and size distribution of Cu2O nanospheres from DLS with different amount 
of PVP. 




Figure 4.1.1.7 TEM images of Cu2O nanosphere with different amount of PVP: (A) 0.2g PVP, (B) 0.5g 
PVP. 
Because of the sensitive property, Cu2O is quite easy to be oxidized to CuO in water. During 
this transformation process, the crystal structure of the nanoparticles will be changed and the 
regrowth of the crystal will happen. Since Cu2O nanospheres are made up of many small 
particles, in the oxidation process, the reorganization of the crystal structure will occur in each 
of the small particles, which will lead to anisotropic growth for the nanospheres. Thus, the CuO 
nanoparticles with anisotropic structures will be obtained. As shown in Figure 4.1.1.8b, by 
keeping the Cu2O nanospheres in water for 30 hours, needle-like structures began to appear on 
the surface of the spheres. After being stored in water for 50 hours, urchin-like nanoparticles 
replaced the nanospheres in the system. (see Figure 4.1.1.8c)  The XRD patterns for both fresh 
Cu2O nanospheres and CuO urchin-like nanoparticles have been shown in Figure 4.1.1.8d. 
When all of the nanospheres have transformed into urchin-like nanoparticles, the characteristic 
peaks of Cu2O disappeared and the peaks at 2θ=32.5o, 35.5o, 38.66o and 48.8o corresponding 
to the Bragg reflections {110}, {002}, {111}, and {202} of CuO have been observed. 




Figure 4.1.1.8 SEM images of (A) fresh made Cu2O nanospheres, (B) Cu2O nanospheres kept in water 
for 30 hours and (C) for 50 hours. (D) XRD patterns of fresh Cu2O nanospheres and CuO urchin-like 
nanoparticles. 
4.1.2 Synthesis of Cu2O@PNIPAM core-shell nanoparticles 
Until recently, there’s lack of knowledge about colloidal stable Cu2O nanoparticles. The 
modification of PNIPAM shell onto Cu2O nanocubes will not only protect Cu2O nanocubes 
from oxidation, but also increase the colloidal stability of Cu2O nanocubes in the water solution. 
Moreover, such core-shell nanoparticles will be essential to understand the effect of PNIPAM 
shell on the properties of semiconductor nanomaterials.  
The conventional method of PNIPAM coating on the surface of inorganic cores is based on the 
modification with SiO2 or polystyrene shell as the interlayer.20,92,172 Then coupling agents will 
be functionalized on the surface of the particles and makes it possible for the chemical coupling 
between PNIPAM network and inorganic nanoparticles. Thus we have first tried to do the SiO2 
coating around the Cu2O nanoparticles for the PNIPAM modification.  




Figure 4.1.2.1 TEM images of Cu2O nanocubes with thin SiO2 layers. 
Considering that Cu2O is easily to be oxidized and its nanostructure can be destroyed 
depending on external conditions such as pH or visible light, a mild method was first tried to 
modify a thin SiO2 layer on the surface of Cu2O nanocubes. As shown in 4.1.2.1, a thin SiO2 
layer with thickness around 8 nm has been modified on the surface of Cu2O nanocubes and the 
cubic structures were well maintained. 
In order to increase the thickness of the SiO2 shell for the functionalizing of coupling agent, 
the Cu2O nanocubes with thin SiO2 shells were used as the seeds for the growing of SiO2 layers 
by using ammonia to adjust pH conditions and tetraethyl orthosilicate (TEOS) as the precusor 
of the SiO2. As shown in Figure 4.1.2.2, although there was a thin SiO2 layer to protect Cu2O, 
the cubic structure of Cu2O were still etched and the nanostructures of Cu2O have been 
destroyed during the SiO2 coating process due to the reactions between Cu2O and ammonia as 
the follows:  
Cu2O+O2+4H2O+16NH3→4[Cu(NH3)4]2++8OH-           (4.1.1) 
[Cu(NH3)4]2++2OH-→Cu(OH)2+4NH3                           (4.1.2) 
Cu(OH)2+2OH-→Cu(OH)42-                                           (4.1.3) 
If we continued to increase the amount of ammonia, hollow SiO2 nanocubes or even secondly 
SiO2 nanoparticles can be obtained (see Figure 4.1.2.2 b and c).  Thus, we need to find a novel 
approach for the PNIPAM coating on the surface of Cu2O nanoparitcles. Compared with the 
conventional method of PNIPAM coating, our method is much simpler.29,173 




Figure 4.1.2.2 TEM images of Cu2O@SiO2 hollow nanoparticles with different amount of ammonia: 
(a) 0.013% (v/v) (b) 0.67% (v/v) and (c) 1.3% (v/v).  
Without modifying SiO2 or polystyrene shell as the interlayer, single Cu2O nanocubes is 
encapsulated in a thermosensitive PNIPAM shell which avoids the etching and aggregation of 
Cu2O nanocubes. Experimental process and a proposed mechanism are illustrated in Scheme 
4.1.2.1. Cu2O nanocubes were prepared first by seeds-mediated method using sodium dodecyl 
sulfate (SDS) as the capping surfactant and the surfaces of Cu2O nanocubes are negatively 
charged. By charge interaction, NaSS was modified on the surface of Cu2O nanocubes using 
PDDA as a medium and surface zeta potential of the Cu2O nanocubes changed from -21.2 mV 
to 53 mV accordingly. Based on double bonds supplied by NASS, polymerization is initiated 
by the positive initiator V50 and PNIPAM-shell is coated onto Cu2O nanocubes. 
 
 
Scheme 4.1.2.1 Schematic illustration of the procedure used to coat PNIPAM on the surface of Cu2O 
nanocubes. 




Figure 4.1.2.3 TEM images of bare Cu2O nanocubes. 
As shown in Figure. 4.1.2.3, Cu2O nanocubes with an average edge length of 259±19 nm (see 
Figure 4.1.1.2b) were first prepared via seed-mediated method. Without surface modified, most 
of the Cu2O nanocubes aggregated together due to the high surface energy. Although as a 
surfactant, SDS could provide limited hydrophilic force and charge repulsion, it was not 
enough to offset the effect of the surface energy.  
In order to construct uniform PNIPAM shell coating, the Cu2O nanocubes were modified with 
PDDA and NaSS as the interlayer. At first, PDDA acts as a carrier for the NaSS to supply the 
double bonds for the PNIPAM coating via a precipitation polymerization. Secondly, due to the 
large amounts of positive charges in PDDA chains after mixing with NaSS (the ratio of positive 
and negative charges contained in PDDA and NaSS is 1:0.074), PDDA/NaSS is firmly attached 
to the negatively-charged surface of the SDS stabilized cubes (the surface zeta potential 
changed from -21.2 mV to 53 mV) and serves as a stabilizer to make the Cu2O nanocubes 
separate with each other during the polymerization process. 
 




Figure 4.1.2.4 TEM images of (a) Cu2O@PDDA-NaSS and (b) Cu2O@PNIPAM core-shell 
nanoparticles. (c) Cryo-TEM image of Cu2O@PNIPAM core-shell nanoparticles (Dashed circle 
indicate the size of the PNIPAM shell determined by DLS in its swollen state at room temperature). 
As shown in Figure 4.1.2.4a, monodispersed Cu2O nanocubes were obtained after PDDA/NaSS 
coating, and a very thin PDDA/NaSS layer can be observed clearly from the insert TEM image 
in Figure 4.1.2.4a. The formation of PNIPAM shell on the Cu2O nanocubes surface was first 
confirmed by the TEM image (Figure 4.1.2.4b). PNIPAM shell of around 360 nm thick was 
uniformly wrapped on the surface of Cu2O nanocubes and all of the Cu2O nanoparticles 
retained the cubic shapes. Since PNIPAM contains strong hydrophilic interaction below the 
lower critical solution temperature (LCST), the Cu2O@PNIPAM core-shell nanoparticles 
separated with each other very well. Figure 4.1.2.4c shows the cryo-TEM image of 
Cu2O@PNIPAM core-shell particles at room temperature. The thickness of the PNIPAM shell 
measured from cryo-TEM image (marked as a dashed line in Figure 4.1.2.4c) was agreed well 
with the thickness determined by DLS at the same condition as shown in Figure 4.1.2.5, which 
was about 360 nm. 
DLS measurements of Cu2O@PNIPAM core-shell nanoparticles were shown in Figure 
4.1.2.5a, which proved the thermoresponsibility of the PNIPAM shell. Figure 4.1.2.5b and 
Figure 4.1.2.5c show the cryo-TEM images of the core-shell nanoparticles taken at 15 oC and 
50 oC, respectively, which are perfect corresponding to the point b and point c on the DLS 
curve. Due to the hydrophilic property of PNIPAM below LCST, the PNIPAM shell was fully 
swollen in the water solution (see Figure 4.1.2.5a and b). In contrast, when the temperature was 
increased to 50 oC, PNIPAM became hydrophobic and the water in the PNIPAM network was 
extruded which led to the shrinkage of the PNIPAM shell (see Figure 4.1.2.5a and c). As shown 
in Figure 4.1.2.5a, a well-defined volume transition is observed around 32 oC for the 
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Cu2O@PNIPAM core-shell system and the presence of Cu2O nanocubes core does not 
significantly affect the swelling and deswelling behavior of the PNIPAM shell. 
 
Figure 4.1.2.5 (a) Hydrodynamic radius of Cu2O@PNIPAM core-shell nanoparticles as a function of 
temperature in aqueous solution, (b,c) Cryo-TEM images of Cu2O@PNIPAM core-shell nanoparticles 
in swollen state at 15 °C  and in shrunken state at 50 °C, respectively. 
 
 
Figure 4.1.2.6 XRD patterns of fresh made bare Cu2O nanocubes (red) and Cu2O@PNIPAM core-
shell particles (black). As reference, standard XRD pattern of Cu2O (JCPDS: No.65-3288) is shown in 
Figure. 




















 Bare Cu2O nanocubes
Cu2O 
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The XRD patterns of freshly prepared Cu2O nanocubes and Cu2O@PNIPAM core-shell 
nanoparticles are shown in Figure 4.1.2.6. After the PNIPAM coating, all of the peaks 
corresponding to Cu2O at 2θ=29.63°, 36.50°, 42.40°, 52.58°, 61.52°, 73.70° and 77.57° were 
retained and no other peaks can be observed from the XRD spectra. This indicates that the 
modification of PNIPAM shells will not lead to the oxidation of Cu2O. A similar result also 
can be seen from the selected area electron diffraction (SAED) patterns of bare Cu2O 
nanocubes and Cu2O@PNIPAM core-shell nanoparticles. The SAED patterns shown in Figure 
4.1.2.7a2 and b2 directly demonstrate that with the protection of PNIPAM shells, the 
nanocubes are still Cu2O without oxidation, because the spacings are not consistent with the 
monoclinic structure of CuO.  Thus, PNIPAM coating doesn’t create additional diffractions 
spot due to its amorphous structure. 
 
Figure 4.1.2.7 TEM images and their corresponding selected area electron diffraction (SAED) patterns 
of fresh prepared bare Cu2O nanocubes (a1 and a2), and Cu2O@PNIPAM core-shell nanoparticles (b1 
and b2). 
In order to study the influence of the interlayer on the formation of PNIPAM shell, a series of 
samples with different amounts of NaSS and PDDA have been synthesized (see table 4.1.2.1, 
figure 4.1.2.8 and figure 4.1.2.9). As shown in figure 4.1.2.8A, when only 1.3g PDDA was 
added, non-coated Cu2O nanocubes can be observed in the system. On the contrary, keeping 
the amount of NaSS constant, increasing the amount of PDDA from 1.3g to 2.6g, the amount 
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of the PNIPAM grafted on the Cu2O nanocubes surface was dramatically increased and each 
of the Cu2O nanocubes was wrapped with uniform PNIPAM shell (see figure 4.1.2.8 A and 
4.1.2.8 B). If the amount of PDDA was continued to increase from 2.6g to 3.9g, a lot of 
PNIPAM secondary particles have been found in the system, which is due to the excessive 
PDDA molecules in the system (see Figure 4.1.2.9). The above results indicate that the amount 
of PDDA chains in the system influences directly the amount of PNIPAM coated on the surface 
of Cu2O nanocubes.  
Keeping the amount of PDDA unchanged, increasing the molar ratio of NaSS to PDDA from 
0.037 to 0.074 leaded to PNIPAM shells with higher density coated on the Cu2O surface (see 
figure 4.1.2.8B and 4.1.2.8C). However, if too much NaSS has been adsorbed on the PDDA 
chains, some of the particles aggregated together due to the weakening of the coulombic 
repulsions between the particles as shown in Figure 4.1.2.8D.  
 
Figure 4.1.2.8 TEM images of the samples in Table 4.1.2.1 with different molar ratio of NaSS and 
PDDA: (A) NNaSS/NPDDA=0.148, (B) NNaSS/NPDDA=0.074, (C) NNaSS/NPDDA=0.037, (D) 
NNaSS/NPDDA=0.111.  
 




Figure 4.1.2.9 TEM image of the sample C in Table 4.1.2.1 with molar ratio of NaSS and PDDA: 
NNaSS/NPDDA=0.049. 
Table 4.1.2.1. Synthesis of Cu2O@PNIPAM core-shell nanoparticles with different amounts 
of NaSS and PDDA. 




Bis(mol) NIPAM(mol) N1/N2* Morphology 
A 1.3 0.050 3.31×10-5 2.56×10-4 0.148 Partially uncoated 
B 2.6 0.050 3.31×10-5 2.56×10-4 0.074 Homogeneous 
C 3.9 0.050 3.31×10-5 2.56×10-4 0.049 Secondary particles 
D 2.6 0.025 3.31×10-5 2.56×10-4 0.037 Low density shell 
E 2.6 0.074 3.31×10-5 2.56×10-4 0.111 Aggregation 
*N1:The moles of NaSS; N2: The moles of repeating units of PDDA. 
The thickness of the PNIPAM shells can be controlled by using different amount of NIPAM 
monomers and crosslinkers during the coating process. Consequently, a series of 
Cu2O@PNIPAM core-shell nanoparticles have been synthesized as shown in Table 4.1.2.2. 
The TEM images of each sample and the corresponding size measurements from DLS are 
shown in Figure 4.1.2.10. 




Figure 4.1.2.10 TEM images of Cu2O@PNIPAM core-shell nanoparticles corresponding to the samples 
listed in table 4.1.2.2 with different amount of monomers and cross-linkers: (A) Sample F, 3.18×10-
4mol NIPAM, 9% Bis (molar ratio), (B) Sample G, 2.56×10-4mol NIPAM, 9% Bis (molar ratio), (C) 
Sample H, 2.56×10-4mol NIPAM, 13% Bis (molar ratio), (D) Sample I, 2.06×10-4mol NIPAM, 9% Bis 
(molar ratio). (E) Temperature dependent DLS measurement and (F) Swelling ratio of the 
Cu2O@PNIPAM core-shell nanoparticle samples F to I from table 4.1.2.2. 
As shown in Figure 4.1.2.10a and b, keeping the other conditions constant, when the amount 
of NIPAM monomers was decreased from 3.18×10-4 mol to 2.56×10-4 mol, a decrease in the 
PNIPAM shell thickness can be observed from the TEM images. The DLS measurement gives 
similar results, which shows that the hydrodynamic radius of the samples changes from 549 
nm to 479 nm. When only the cross-linker content was increased from 9% to 13% (the mole 
percent ratio with NIPAM), a significant change in the size of the samples can be seen from 
the TEM images and the radius of the core-shell nanoparticles decreased from 479 nm to 371 
nm according to the DLS measurements (see Figure 4.1.2.10b, c and e). When the amount of 
NIPAM monomers was decreased by 19.4%, both of the thickness and the density of the 
PNIPAM shell decreased. As shown in Figure 4.1.2.10d, a lot of holes can be seen in the 
PNIPAM shell due to the further reduction of the NIPAM monomers. The changing of the 
amount of cross-linker can influence the network rigidity and leads to the changing of the 
fraction of non-responsive polymer material (pure cross-linker based polymer) in the core-shell 
nanoparticles, which is similar to the results found for the bare PNIPAM particles.59 
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The influence of temperature on the size of these core-shell nanoparticles was measured by 
dynamic light scattering (DLS) (see Figure 4.1.2.10). All of the samples show similar volume 
phase transition temperature at around 33°C, which indicates that the encapsulating of Cu2O 
nanocubes does not influence the thermosensitivity of the PNIPAM microgels. Also, with the 
decreasing of the density and rigidity of the PNIPAM shells, Sample I presents the highest 
swelling ratio due to its lowest cross-linker density.  
Table 4.1.2.2. Synthesis of Cu2O@PNIPAM core-shell nanoparticles with different amounts 
of NIPAM monomers and cross-linkers. 
 NIPAM (mol) Cu2O cores 
(mg) 




F 3.18*10-4 6.6 549 9% 
G 2.56*10-4 6.6 479 9% 
H 2.56*10-4 6.6 371 13% 
I 2.06*10-4 6.6 349 9% 
* The thickness of PNIPAM shell at 15°C was calculated according to data from the DLS 
measurement shown in Figure 4.1.2.10. 
As shown in Figure 4.1.2.11a, compared to the bare Cu2O nanocubes, the Cu2O@PNIPAM 
core-shell nanoparticles maintained a stronger absorption of light and narrower band gap.39,174 
Moreover, the UV-vis spectra of Cu2O@PNIPAM core-shell nanoparticles in aqueous solution 
at different temperatures were recorded as shown in Figure 4.1.2.11b. It can be observed clearly 
that there is a red shift of the characteristic peak of Cu2O from 517 nm to 525 nm accompanied 
with a decrease in absorbance with the increasing of the temperature from 10 oC to 50 oC.  On 
one hand, the shifting to longer wavelengths may be attributed to the increase of local refractive 
index during the collapse of the PNIPAM shell.172,175 As a kind of semiconductor materials, 
the refractive index of Cu2O is higher than PNIPAM at different temperature, which is the 
reason that the absorbance decreased with the increasing of the temperature according to the 
Mie scattering theory.176,177 On the other hand, the changes of the surface properties of Cu2O 
nanocubes may ocurr upon the modification of PNIPAM shells, which will lead to shifting and 
decreasing of absorption band. However, the details on such changes are difficult to be 
measured and should be studied further in the future. 




Figure 4.1.2.11 (a) UV-vis spectra of Cu2O nanocubes (black) and Cu2O@PNIPAM (red) at room 
temperature with the solid content of 0.21mg/mL. (b) UV-vis spectra of Cu2O@PNIPAM core-shell 
nanoparticles with changing of the temperature. 
4.1.3 Stability of Cu2O@PNIPAM core-shell nanoparticles 
According to strong reducing property, Cu2O is very active in water and easily transforms to 
CuO. The XRD patterns of Cu2O nanocubes without PNIPAM shell are presented in Figure 
4.1.3.1a. After storing in water in the dark place for 10 days, the peaks at 2θ=35.5o, 38.34o, 
38.66o and 48.8o corresponding to the Bragg reflections of CuO have been observed. Also the 
color of the solution changed from orange to dark green and the cubic structure of the Cu2O 
has been destroyed due to the production of CuO (see the photo in Figure 4.1.3.1c). Compared 
with the fresh prepared Cu2O nanocubes, none of the Cu2O nanocubes were oxidized to CuO 
with the protection of PNIPAM shell after keeping for 10 days under the same condition. The 
corresponding XRD pattern has been shown in Figure 4.1.3.1d. Moreover, all of the Cu2O 
particles maintained cubic structure and no aggregation was observed in the system (see Figure 
4.1.3.1f). 




Figure 4.1.3.1 (a) XRD patterns of fresh Cu2O nanocubes (up) and Cu2O nanocubes kept in water for 
10 days (down). SEM images of (b) fresh Cu2O nanocubes and (c) Cu2O nanocubes kept in water for 
10 days. (d) XRD patterns of fresh Cu2O@PNIPAM core-shell nanoparticles (up) and Cu2O@PNIPAM 
core-shell nanoparticles in water for 10 days (down). SEM images of (e) fresh Cu2O@PNIPAM core-
shell nanoparticles and (f) Cu2O@PNIPAM core-shell nanoparticles kept in water for 10 days. 
In order to further prove that the stability of Cu2O nanocubes in water has been greatly 
enhanced with the protection of PNIPAM shell, Cu2O@PNIPAM core-shell nanoparticles were 
kept in water at room temperature for 100 days. Near edge X-ray absorption fine structure 
(NEXAFS) spectroscopy in combination with transmission X-ray microscopy (TXM) has been 
used to test the samples for the existence of Cu2+ at crystal defect sites or amorphous CuO. The 
NEXAFS spectroscopy provides the needed chemical sensitivity and the TXM gives the 
possibility to examine a statistical amount of particles, which can be analyzed on the single 
particle level. Figure 4.1.3.2a shows a NEXAFS-TXM micrograph of Cu2O@PNIPAM in false 
color representation. The red channel is sensitive to Cu2O, whereas the green channel is 
sensitive to CuO. The contrast of the PNIPAM shell is too low to be resolved. It is obvious that 
almost all of the copper containing particles is made of copper-(I)-oxide and only a very small 
amount of CuO points can be detected, because of which a small shoulder around 930.8 eV can 
be observed in the spectrum of orange marked particle as shown in Figure 4.1.3.2b. A similar 
shoulder can be also found in Figure 4.1.3.2d for the fresh prepared Cu2O nanocubes. Thus, 
this small amount of CuO should be the side products from the synthesis process of Cu2O 
nanocubes, which could not be removed during the washing step or from the preparation 
process for the measurement. However, this CuO signal became much smaller for both of the 
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average signals over all particles in field of view of the Cu2O@PNIPAM core-shell 
nanoparticles and the bare fresh made Cu2O nanocubes. Thus the amount of CuO is extremely 
low in the samples and the PNIPAM shell can effectively protect the Cu2O nanocubes from 
oxidation.  
 
Figure 4.1.3.2 (a) TXM micrograph of the Cu2O-nanocubes@PNIPAM at two different photon energies: 
The red channel depicts the nanocubes with Cu2O, and the green channel refers to CuO. (b) NEXAFS-
spectra of the average signals over all Cu2O@PNIPAM core-shell nanoparticles in field of view (green 
line) and the marked particles in the inset of micrograph on the left hand side at the O-K-edge and the 
Cu-L2,3-edge (blue and orange lines). (c) TXM micrograph of bare Cu2O nanocubes at two different 
photon energies: The red channel depicts the nanocubes with Cu2O, and the green channel refers to 
CuO. (d) NEXAFS-spectra of the average signals over all Cu2O nanocubes in field of view (blue line) 
and the marked particles in the inset of micrograph on the left hand side at the O-K-edge and the Cu-
L2,3-edge (red and black lines). 




Figure 4.1.3.3 The photographs of solution of Cu2O@PNIPAM core-shell nanoparticles (left) and Cu2O 
nanocubes (right) after storing for different times.  
The colloidal stability of Cu2O@PNIPAM core-shell nanoparticles have been also measured. 
As shown in Figure 4.1.3.3, both of the Cu2O@PNIPAM core-shell nanoparticles and bare 
Cu2O nanocubes were kept in water and the photos were taken at different time. Compared 
with the Cu2O@PNIPAM core-shell nanoparticles, a significant precipitation happened for the 
bare Cu2O nanocubes after 10 mins. After storing in water for the whole night, the core-shell 
nanoparticles still maintained stability in water without obvious precipitation while all of the 
bare Cu2O nanocubes have precipitated, which means that the Cu2O nanocubes with PNIPAM 
shells contain a much more stable system than the pure Cu2O nanocubes due to the hydrophilic 
property of the PNIPAM shell below the lower critical solution temperature (LCST). 
In conclusion, we introduce a novel method to synthesize hybrid core-shell microgels 
consisting of Cu2O nanocubes as the core and thermosensitive PNIPAM as the shell. The core-
shell nanoreactors present much better colloidal stability than pure Cu2O nanocubes in water 
solution. Moreover, the PNIPAM shell can effectively protect the Cu2O nanocubes from 
oxidation for months. 
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4.2 Photocatalytic activity of Cu2O@PNIPAM core-shell nanoparticles 
The photocatalytic activity of Cu2O@PNIPAM core-shell nanoparticles has been tested for the 
photodegradation of MO. As shown in Figure 4.2.1b, in the case of Cu2O@PNIPAM core-shell 
nanocubes, the peaks at 464 nm and 271 nm decrease gradually with time, which results from 
the degradation of MO. The theory of the photocatalytic reaction of Cu2O has been introduced 
before and the principle schematic was shown in Figure 4.2.1a. Under visible light irradiation, 
hydroxide radicals were produced on the surface of the Cu2O nanocubes, which lead to the 
degradation of dye molecules. The degradation of MO can be also followed by the changing of 
the colours. After the catalytic reaction, the colour of MO transformed from orange to colorless 
(see Figure 4.2.1a). 
      
Figure 4.2.1 (a) Illustration of the catalytic process. (b) UV-vis absorption spectra of MO as a function 
of irradiation time using Cu2O@PNIPAM core-shell nanoparticles as photocatalyst. 
According to the literature, cubic Cu2O crystals are simply not photocatalytically active.168 This 
is due to the reason that compared with the other crystal structures, Cu2O nanocubes contain 
mostly {100} facets, which have 100% saturated oxygen bonds. Thus the {100} face is 
relatively neutral, because of which the cubic Cu2O crystals are less sensitive to adsorb the 
negatively charged dye molecules. Surprisingly, after being modified with PNIPAM shell, the 
photocatalytic activity of Cu2O nanocubes was enhanced significantly. As shown in Figure 
4.2.2, first order reaction kinetic can be applied for the photo-degradation of MO by Cu2O.76 
To compare the photocatalytic activity of Cu2O@PNIPAM core-shell particles and the bare 
Cu2O nanocubes, the reaction rate was normalized to the total surface of the Cu2O nanocubes. 
As shown in Figure 4.2.2a, after irradiation for 4 h, the fraction of the remaining absorption of 
MO measured at 464 nm was 2.9% for the Cu2O@PNIPAM core-shell nanoparticles and 99.4% 
for the pure Cu2O nanocubes. As expected, the core-shell nanoparticles are much more 
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photocatalytically active than the pure Cu2O nanocubes. (kCu2O-15°C = 1.16×10-4 Lmin-1m-2, 
kCu2O-P-15°C=4.67×10-2 Lmin-1m-2) Increasing temperature can lead to faster reaction rate for the 
pure Cu2O nanocubes, which has been shown as the blue line in Figure 4.2.2a, the value is still 
very low compared with the core-shell hybrid nanomaterials.  
 
Figure 4.2.2 (a) Kinetic analysis of MO reduced by Cu2O@PNIPAM core-shell nanoparticles and pure 
Cu2O nanocubes at different temperatures. (b) TGA spectra of Cu2O@PNIPAM core-shell 
nanoparticles. (c) The Methyl Orange (MO) adsorption curve of pure Cu2O nanocubes at 15oC 
(triangles), Cu2O@PNIPAM core-shell nanoparticles at 15oC (circles), respectively. (d) ESR spectra of 
aqueous dispersions of Cu2O@PNIPAM core-shell nanoparticles (upper black trace) and pure Cu2O 
nanocubes (lower blue trace) with DMPO spin traps added. Triangles indicate the four ESR lines 
characteristic DMPO-•OH radicals. The overlaid traces are simulations of the DMPO-•OH signal using 
the MATLAB library EasySpin. 
The significant improvement of photocatalytic efficiency of Cu2O is caused by the following 
reasons. At first, from the zeta potential measurement, the chains of PNIPAM shell contained 
positive charge (13.7 mV), which favors a high binding affinity of the hydrogel shell with 
negtively charged MO. As shown in Figure 4.2.2c, after mixing with MO solution for 30 min, 
around 7.5wt. % of MO was adsorbed by Cu2O@PNIPAM core-shell nanoparticles and only 
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1.5wt. % of MO was adsorbed by the bare ones. Zeta potential measurements for the core-shell 
systems at 15 °C showing a decrease of +13.7 mV to -5.3 mV upon adding the negatively 
charged MO to the suspension, support the picture of MO enrichment in the shell. As we find 
that the reaction is fully surface-controlled,178 MO enrichment at the nanocube surface would 
lead proportionally to a higher surface rate. Secondly, as shown in figure 4.1.2.11a, with the 
coating of PNIPAM shell, the absorption in the visible range of Cu2O nanocubes was increased, 
which leads to a higher concentration of hydroxyl radicals. ESR measurements for the 
Cu2O@PNIPAM core-shell nanoparticles and bare Cu2O nanocubes have been shown in 
Figure 4.2.2d.179 4 peaks labeled in the spectra were assigned to the DMPO-•OH adducts, 
which were produced by hydroxyl radicals trapped with DMPO. For the core-shell 
nanoparticles, the DMPO-•OH signal is at least two times stronger than that of the bare Cu2O 
nanocubes. This indicates that much more •OH have been effectively generated by 
Cu2O@PNIPAM core-shell microgels than by bare Cu2O nanocubes. Since the hydroxyl 
radicals are the active species reacting with MO, this should be an important reason for the 
higher reaction rate of the Cu2O@PNIPAM core-shell nanoparticles. Also Cu2O@PNIPAM 
core-shell nanoparticles were much more stable than pure Cu2O nanocubes in water solution. 
At last, as we described before, the surface properties of Cu2O nanocubes may be changed due 
to the modification of PNIPAM shells, which will lead to the enhancement of the photocatalytic 
reaction rate.  
The photocatalytic activity of Cu2O@PNIPAM core-shell nanoparticles at different 
temperatures has been studied as well. As shown in Figure 4.2.3a, different from the rate 
constant of bare Cu2O nanocubes, the reaction rate of Cu2O@PNIPAM core-shell nanoreactors 
does not follow a simple Arrhenius law with constant activation energy at different 
temperatures. When the temperature is lower than the LCST, the reaction rate of core-shell 
nanoreactor increased with rising temperature. When the temperature of the system was close 
to the LCST, a dramatic decrease of the reaction rate was observed. Then the reaction rate 
increased slightly again with further increasing of the temperature. This behavior strongly 
depended on the the overall physicochemical properties of the Cu2O@PNIPAM core-shell 
nanoreactors at different temperatures.  
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Figure 4.2.3 (a) The reaction rate k1 (rate constant kapp normalized to the surface area of Cu2O nanocubes) 
at different temperatures for the bare Cu2O nanocubes (circles) and the Cu2O@PNIPAM core-shell 
nanoreactors system (squares). (b) The Methyl Orange (MO) adsorption curve of Cu2O@PNIPAM 
core-shell nanoparticles at 15oC (circles) and 40°C, respectively. (c) Illustration of the catalytic process. 
At low temperature the network is fully swollen by water and the hydrophilic dye molecules will be 
enriched within the network. As a consequence of this, the reaction rate for photocatalysis will be 
increased. In the shrunken state, the increased solvation free enthalpy of the dye molecules decreases 
their local concentration, and their diffusion coefficient is also reduced due to a tighter polymer network. 
Together, these effects contribute to a strong decrease of the reaction rate for photocatalysis.  
The reasons for the temperature dependant changing of the reaction rate can be qualitatively 
rationalized by the following reasons. Firstly, as shown in figure 4.1.2.11, we found that the 
core-shell particles can absorb more light at 15°C than at 40°C. Thus, according to the literature, 
the core-shell particles can produce more active OH radicals at lower temperature.180,181 
Secondly, at higher temperatures, the PNIPAM shells collapse and become hydrophobic, which 
likely leads to the decrease of the concentration of MO around the surface of Cu2O nanocubes 
(MO has been proved to situate itself at the interface between water and oil in a surfactant-like 
style, meaning that MO could be mostly located in a thin region constituting the 
hydrogel/solvent).182  According to our theory, this depletion of reactants should effectively 
reduce the rate (see figure 4.2.3c). Hence, the Cu2O@PNIPAM core-shell nanoreactors contain 
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higher reaction rate at lower temperature because of the increased OH production and a higher 
local MO concentration around the surface of Cu2O nanocubes. However, details of these 
intricate and very local phenomena are currently difficult to explore and should be interesting 
for future work.  The photocatalytic activity of Cu2O@PNIPAM core-shell nanoparticals also 
can be tuned during the reaction. As shown in Figure 4.2.4, compared with the reaction proceed 
under 15oC, when the temperature was increased to 45oC, the reaction rate slowed down. When 
the temperature was cooled down back to 15oC, the networks of the PNIPAM swollen and 
became hydrophilic again, which lead to that the reaction rate became its original appearance. 
In summary, the Cu2O@PNIPAM core-shell nanoreactors show significant enhancement for 
the photo decomposition of methyl orange under visible light: the reaction rate of the core-shell 
nanoreactors is 795 times of that of pure Cu2O nanocubes at 15oC. Moreover, temperature can 
be used as a trigger to control the photocatalytic activity of the Cu2O@PNIPAM core-shell 
microgels as expected from theory. The present work proves that modification of Cu2O 
nanocubes with PNIPAM shell will have a great potential for the applications of Cu2O 
nanoparticles, which is essential to understand the effect of PNIPAM shell on the properties of 
metal or metal oxide nanomaterials. 
 
Figure 4.2.4 Kinetic analysis of MO reduced by Cu2O@PNIPAM core-shell nanoparticles with 
changing of the temperature. 
4.3 Sensitive gas sensors using Cu2O@PNIPAM core-shell nanoparticles as novel 
inkjet materials 
As introduced before, the colloidal stability of the bare Cu2O nanocubes was enhanced after 
the modification of PNIPAM shells. With the protection of PNIPAM shells, the Cu2O 
nanocubes can be stored for months without oxidation. Both of these are very important 
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properties for the ink materials. Moreover, Cu2O can transform into CuO at temperatures above 
250°C,94 which makes it possible for us to use Cu2O@PNIPAM core-shell nanoparticles as the 
novel ink system to prepare CuO gas sensor device.  
The procedure for the preparation of CuO gas sensor device by inkjet printing with 
Cu2O@PNIPAM core-shell nanoparticles as the ink has been shown in Scheme 4.3.1. Gas 
sensor device coated with multi-layers of Cu2O@PNIPAM can be obtained by repeating the 
inkjet printing process. After heating treatment at 400 oC, all of the Cu2O nanocubes will 
transform to CuO and the spaces between each of the CuO nanocubes can be generated because 
of the thermal removal of the PNIPAM shells, which leads to a larger specific surface area. 
Thus compared to the device made by bare Cu2O nanocubes, the sensitivity of the gas sensor 
device printed by Cu2O@PNIPAM core-shell nanoparticles should be enhanced.  
 
Scheme 4.3.1 Schematic illustration of the inkjet printing procedure used to produce gas sensor device 
with Cu2O@PNIPAM core-shell nanoparticles. 
The coffee-ring effect is a phenomenon resulting from the aggregation of the nanoparticles 
along the periphery during drying process on a solid surface, which directly influences the 
quality of printing.164,183 As shown in the photograph in Figure 4.3.1a, without modification of 
PNIPAM shells, the bare Cu2O nanocubes aggregated to form a coffee-ring after drying, which 
is undesired for realizing uniform, high-resolution patterns. On the contrast, Cu2O@PNIPAM 
core-shell nanoparticles spontaneously formed an array with almost constant surface-to-surface 
distance between them after drying at room temperature (see Figure 4.3.1b). Moreover, with 
the coating of PNIPAM shells, the coffee-ring formed from the bare Cu2O nanocubes 
disappeared and a uniform film was obtained. The iridescent color of the film with the changing 
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of incident and observation angles indicates the ordering structure of the core-shell 
nanoparticles on the substrate.  
As shown in Figure 4.3.2, after the high temperature treatment, the PNIPAM shells were 
completely burned off which leaded to the space between each of the particle and the cubic 
shapes were perfectly preserved. The XRD patterns of the Cu2O@PNIPAM core-shell 
nanoparticles after high temperature treatment are presented in Figure 4.3.2a. The original 
Cu2O signals disappear completely, while the peaks corresponding to the (110), (002) and (111) 
planes of CuO appear according to the JCPDS card (No 45-0937, red signals in Figure 4.3.2b). 
This further proves that all of the Cu2O nanoparticles have been transformed to CuO 
nanoparticles via heating. These results make it possible to prepare mono-disperse CuO 
nanocubes with constant distance between each other.  
During the inkjet printing process, the viscosity, density and surface tension of the ink will 
directly influence the basic properties of the droplets at a given voltage which dictate the 
resolution of the printed patterns. The inverse (Z) of the Ohnesorge number is defined to 
represent the relationship between the fluid ink physical properties and the printability of the 
system which has been introduced in the theory part. 
       
Figure 4.3.1 SEM images of (a) bare Cu2O nanocubes and (b) Cu2O@PNIPAM core-shell nanoparticles 
with the same solid content of 0.026 wt.%. The insert images show the photographs of the films of bare 
Cu2O nanocubes and Cu2O@PNIPAM core-shell nanoparticles with the same solid content of 0.026 
wt. % on PS substrates. 









= 𝑂ℎ−1           (4.3.1) 
where a is the radius of the printing orifice, ρ is the density of the ink, γ is the surface tension 
and η is the viscosity. Since in our work, the printing nozzle was not replaced, the properties 
of the ink will dominate the behavior of the droplets. Although the jettability range of Z is 
different for different ink materials, the printable range of Z is normally considered within 
1<Z<14.164 If the value of Z is too high, a large number of satellite droplets will be formed, 
whereas if it is too low, the ink will need more energy to form a new drop near the nozzle tip, 
which will prevent the separation of a drop. According to the literature,103 for the same ink 
system, the Z value of the ink is closer to the maximum value of the printable range, it is easier 
to form single droplets at higher frequencies and the travel velocity of the droplet will be 
increased, because of which the minimum stand-off distance between the nozzle and the 
substrate (MSD) will become shorter and the positioning error of the printing process will 
become smaller. The relevant physical parameters and corresponding Z values of the bare Cu2O 
nanocubes and Cu2O@PNIPAM core-shell nanoparticles with different solid content at 20°C 
have been listed in Table 4.3.1.  
With the same solid content of 1.5 wt. %, the Cu2O@PNIPAM core-shell nanoparticles contain 
lower surface tension and higher viscosity compared to the bare Cu2O nanocubes, which leads 
to a lower Z value in the printable range. When the solid content of the bare Cu2O nanocubes 
was increased from 1.5 wt. % to 8 wt. %, the Z value of the solution was adjusted within a 
reasonable range. Moreover, as shown in Figure 4.3.3, after being kept at room temperature for 
30 mins, the droplet of the bare Cu2O nanocubes with solid content of 1.5 wt.-% became 
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inhomogeneous and the upper portion of the droplet began to be clear. At the same time, the 
droplets of Cu2O@PNIPAM core-shell nanoparticles solution with solid content of 1.5 wt. % 
and the pure Cu2O nanocubes solution with solid content of 8 wt. % were still homogeneous. 
Thus, these two samples solution have been used as the ink to prepare the gas sensor devices 
by inkjet printing.  
Table 4.3.1 The relevant physical parameters and corresponding Z values of the bare Cu2O 
nanocubes and Cu2O@PNIPAM core-shell nanoparticles with different solid content at 20°C 





Surface tension γ 
(mNm-1) 
Z (1/Oh) 
Cu2O nanocubes (1.5 wt.-%) 1.33 1.015 69.2 22.3 
Cu2O@PNIPAM (1.5 wt.-%) 1.83 1.015 42.7 12.7 
Cu2O nanocubes (8 wt.-%) 2.22 1.08 61 12.9 
 
As shown in Figure 4.3.4a and c, the particles were printed on the interdigitated electrode 
structures, which form part of a micromachined hotplate device to do the gas sensor 
measurement. Before the heating treatment, although most of the particles were buried inside 
the PNIPAM shells which can be observed as the black layer covered on the electrode in Figure 
4.3.4a, it is still possible to see that the Cu2O@PNIPAM core-shell nanoparticles were 
uniformly dispersed on the surface of the device. 
       
Figure 4.3.3 The photos of the droplets kept for 30 min for different samples: (a) bare Cu2O nanocubes 
with 1.5 wt.% solid content, (b) Cu2O@PNIPAM core-shell nanoparticles with 1.5 wt.% solid content 
and (c) bare Cu2O nanocubes with 8 wt.% solid content. 
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After the high temperature treatment at 400 oC for one hour in the air, the PNIPAM shells were 
burned off and a clear and uniform layer of CuO was presented (see Figure 4.3.4b). From the 
insert SEM image in Figure 4.3.4b, the spaces generated from the removal of PNIPAM shells 
between each of the CuO nanocubes can be observed clearly. Moreover, due to the protection 
of PNIPAM during the high temperature treatment, the cubic shape of the nanoparticles was 
perfectly preserved. In contrast, without the modification of PNIPAM shell, the pure Cu2O 
nanocubes aggregated together before heating treatment and many blank areas without particles 
can be found on the surface of the device (see Figure 4.3.4c). After high temperature treatment, 
a lot of large particles were found in the system as shown in the insert SEM image in Figure 
4.3.4d, which indicates that the cubic structures have been destroyed. This phenomenon can be 
rationalized by the generation of CuO nanostructures. Without the PNIPAM shells, the Cu2O 
nanocubes aggregated together and during the process of the transition from Cu2O to CuO, the 
aggregated Cu2O nanocubes regrow into larger CuO nanoparticles, which destroys the cubic 
nanostructures. 
 
Figure 4.3.4 (a,b) SEM images of gas sensor device of Cu2O@PNIPAM core-shell nanoparticles before 
and after heating treatment. (c,d) SEM images of gas sensor device of Cu2O nanocubes before and after 
heating treatment. 
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Figure 4.3.5 shows the sensing response of the CuO gas sensor devices made from the bare 
Cu2O nanocubes and the Cu2O@PNIPAM core-shell nanoparticles, respectively. At a typical 
elevated temperature of 300 °C, the sensors were exposed to varying levels of 0.5 -10 ppm NO2 
in dry synthetic air. At the given temperature, both of the devices show a typical p-type sensing 
behavior with respect to the oxidizing nature of NO2. The device prepared from the core-shell 
nanoparticles features a faster response and recovery characteristic upon alternating NO2 
exposure and purging with synthetic air. The baseline resistance is distinctly below the MΩ 
range, favorable for dedicated circuitry. This can be explained as the follows: with the regular 
and ordered intra-particle arrangement, the gas sensor device made from the core-shell particles 
promotes the current flow. On the contrary, the bare particles aggregated into larger yet sparser 
and random bulky particles during the heating treatment which resulted in a higher baseline 
resistance. The experiments were conducted for different operation temperatures. Figure 4.3.5a 
shows the response characteristic of three similar sensing elements made from the core-shell 
nanoparticles at operation temperatures of 300°C and 350°C, which is defined as the ratio of 
baseline resistance in dry synthetic air and the resistance upon NO2 exposure (R0/R). The 
concentration dependent response follows a typical power law R0/R = 1+A*CNO2b,184 with an 
exponent b=0.35 for both temperatures. The comparison reveals a significant temperature 
dependence in sensitivity. 
 
Figure 4.3.5 (a) Response characteristics of core-shell nanoparticle sensing devices for operation 
temperatures at 300°C and 350°C can be described by a typical power-law and reveal a distinct 
temperature dependency of sensitivity. (b) Comparison of the sensing characteristics of bare CuO 
nanocubes and CuO nanocubes from Cu2O@PNIPAM core-shell nanoparticles gas sensors towards 
increasing NO2 levels. 
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5. In-situ generation of Au nanoparticles in the PVCL- α-CD 
microgels 
5.1 Synthesis and Characterization of PVCL-α-CD-Au hybrid microgels 
Due to the availability of free spaces in the swollen networks of the microgels, PVCL can 
provide excellent nucleation and growth environment for nanoparticles without aggregation.58 
Moreover, because the amide group of PVCL can transform to enol structure under alkaline 
conditions, PVCL can be used for in-situ synthesis of gold nanoparticles without additional 
strong reducing agent.152–154 This process has been shown in Figure 5.1.1. PVCL was obtained 
by compolymerization of N-vinylcaprolactam (VCL) with toacetoxyethyl methacrylate 
(AAEM) using N,N’-methylene-bis-acrylamide as crosslinker. After being mixed with HAuCl4 
solution for several hours, gold precusor can be adsorbed on the polymer chains. Then NaOH 
solution was added into the mixture to adjust the pH of the solution to 10. At this pH value, the 
amide group can transform to enol structure with a hydroxyl group. Like long-chain alcohols, 
this kind of functional group can work as the reducing agent for the synthesis of Au 
nanoparticles.  
As shown in Figure 5.1.2a, monodisperse Au nanoparticles have been prepared via the 
reduction of HAuCl4 by PVCL microgels without adding any other reducing agent. The 
obtained Au nanoparticles are rather uniform in size and shape. The formation of the Au 
nanoparticles can be also followed by the color change from light yellow to wine-red of the 
solution. 
 
Figure 5.1.1 Schematic illustration of the procedure used to synthesize PVCL-Au hybrid microgels. 
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As shown in the UV-vis spectra in Figure 5.1.2b, the presence of a clear plasmon absorption 
peak at around 530 nm further confirms the formation of Au nanoparticles in the PVCL 
microgels. In a control experiment, no reduction of Au has taken place in the reaction solution 
in the absence of microgel particles. The color of the HAuCl4 and NaOH mixture was kept light 
yellow after days and no obvious absorbance can be found in the UV-vis spectra (Figure 5.1.2b). 
In addition, it can be seen from the TEM image that lots of Au nanoparticles are formed outside 
microgels. This is due to the reason that the interaction between the polymer chains of PVCL 
and the Au nanoparticles is not strong enough to immobilize all of the Au nanoparticles inside 
the microgels.  
Considering that the hydroxyl groups in the molecular structure of the cyclodextrins can 
provide an efficient capping on the surface of Au nanoparticles based on the Au-COO- 
interaction,185,186 PVCL microgels functionalized with different amount of α-cyclodextrin units 
have been synthesized for the preparation of novel hybrid microgels. The PVCL-α-CD 
microgels were fabricated according to the literature from Pich and his co-works.187 Firstly, α-
CD has been modified with acrylate. Then different amount of α-CD acrylate was grafted into 
the PVCL networks by copolymerization. 
 
Figure 5.1.2 (a) TEM image of PVCL-Au hybrid microgels, (b) UV-vis absorption spectra of the 
HAuCl4 and NaOH mixture solution (mixing for 72 hours) with and without PVCL microgels. 
Two samples with different α-cyclodextrin contents were prepared. The amount of α-CD in the 
microgels was determined to be 1.03 and 13.08 wt.-% by FI-IR spectra (see Figure 5.1.3a and 
b), respectively. The band at 1032 cm-1 relates to the C-O-C vibrations of the glucose units of 
CD, which indicates the incorporation of CD in PVCL. Figure 5.1.3b shows that with the 




increase of the concentration of CD in PVCL, the intensity of the band at 1032 cm-1 increases 
as well.  
 
Figure 5.1.3 FT-IR spectra of pure PVCL, PVCL-α-CD(1.03 wt.-%) and PVCL-α-CD(13.08 wt.-%), (a) 
whole spectrum, (b) absorbance of C-O-C group of cyclodextrin around 1034 cm-1. (c) Temperature 
dependent DLS measurement of pure PVCL, PVCL-α-CD(1.03 wt.-%) and PVCL-α-CD(13.08 wt.-%), 
(d) Swelling ratio of pure PVCL, PVCL-α-CD(1.03 wt.-%) and PVCL-α-CD(13.08 wt.-%).  
The synthesized polymer particles show a decrease in size with higher CD contents, compared 
with the decrease of swelling ratio (see Figure 5.1.3 c and d). This phenomenon can be 
explained as the follows: the α-CD grafted into the network of microgels can be considered as 
the crosslinker point. With the increasing amount of α-CD inside the microgels, the 
crosslinking degree of the PVCL microgels increases, which leads to the increasing of the 
rigidity of the microgels. Since the amount of monomers used for the polymerization is the 
same, the microgels with higher rigidity contain lower swelling radio and smaller size at 
different temperatures. As shown in Figure 5.1.3d, the sample with 13.08 wt. % α-CD has the 
lowest swelling radio. The variation of the size of the microgels can be observed for both CD 
modified PVCL microgels in Figure 5.1.3c, which means the increasing amount of α-CD will 
not influence the themorsensitivity of the microgels. 
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The PVCL- α-CD (13.08 wt. %) was used as an “active” nanoreactor for the in situ generation 
of Au nanoparticles by direct reduction of hydrochloroauric acid in an alkaline aqueous 
solution. The process is the same with the PVCL without functionalizing α-CD. As shown in 
Figure 5.1.4a, monodisperse Au nanoparticles with an average diameter of 5~6 nm have been 
prepared via the reduction of HAuCl4 by PVCL-CD microgels without adding any other 
reducing agent. The obtained Au nanoparticles, which are rather uniform in size and shape, are 
homogeneously immobilized in the PVCL-CD microgel carriers. A same conclusion can be 
drawn from the color changing of the solution and the UV-vis spectra of the hybrid microgels 
(see Figure 5.1.4 b). The presence of a clear plasmon peak at around 530 nm in the UV-vis 
spectra and the red color of the solution confirm the generation of the Au nanoparticles. 
Compared to the PVCL microgels without CD modification, in PVCL-CD-Au composite 
particles all of the Au nanoparticles are homogeneously distributed within the CD modified 
PVCL microgels and no secondary particles were found in the system. This is due to the reason 
that α-CD can provide an efficient capping on the surface of Au nanoparticles according to the 
Au-COO- interaction. The interactions between the hydroxyl groups of α-CD and the Au 
surface were measured by FT-IR on a Si crystal. KBr pellets were avoided to minimize the 
water content of the sample. As shown in Figure 5.1.4c, a shift of 9 cm-1 to lower wavenumbers 
of the OH-absorption band is observed for PVCL- α-CD-Au, which represents the 
chemisorption between α-CD and Au according to the literature reports.185,186  
 
Figure 5.1.4 TEM images of (a) PVCL-α-CD(13.08 wt.-%)-Au microgel nanoparticles, (b) UV-vis 
spectra of the HAuCl4 and NaOH mixture solutions with different amounts of PVCL and α-CD inside. 
The insert image is the photograph of the HAuCl4 and NaOH mixture solutions with and without PVCL 
and α-CD inside. (c) FT-IR spectra of PVCL-α-CD(13.08 wt.-%) and PVCL-α-CD(13.08 wt.-%)-Au in 
the range of 3700-2750 cm-1. 
The effect of CD amount incorporated in the PVCL microgels on the formation of Au 
nanoparticles has been also studied. Comparing the TEM images shown in Figure 5.1.5a and 




b, it can be seen that no obvious change in shape and morphology of the Au nanoparticles has 
been found by decreasing the CD concentration from 13.08 wt.-% to 1.03 wt.-%. Au 
nanoparticles with diameter of 5.5±0.3 nm have been generated in the PVCL-α-CD(1.03 wt.-%) 
microgel particles. Almost all of the Au nanoparticles are immobilized within the microgels. 
The XRD patterns of these two PVCL-CD-Au samples are presented in Figure 5.1.5c. The 
peaks at 2θ = 38.34o, 44.22o, 64.88o and 77.76o correspond to (111), (200), (220) and (311) 
Bragg reflections of gold, which means the gold nanoparticles synthesized are face-centered 
cubic (fcc) structure. An estimation of mean size of Au nanoparticles was performed from the 
full width at half maximum of the (111) Bragg reflection using the Debye-Scherrer equation,  
which is 4.7 nm for PVCL-α-CD(13.08 wt.-%)-Au and 4.2 nm for PVCL-α-CD(1.03 wt.-%)-
Au, respectively. This agrees well with the particle size determined from the TEM images.  
 
Figure 5.1.5 TEM images of (a) PVCL-α-CD(13.08 wt.-%)-Au microgel nanoparticles, (b) PVCL-α-
CD(1.03 wt.-%)-Au microgel nanoparticles. (c) XRD patterns of PVCL-α-CD(1.03 wt.-%)-Au (black) 
and PVCL-α-CD(13.08 wt.-%)-Au (red). TGA spectra of  (d) PVCL-α-CD (13.08 wt.-%) microgel, (e) 
PVCL-α-CD-Au (1.03 wt.-%), (f) PVCL-α-CD-Au (13.08 wt.-%). 
Both TEM images and XRD patterns demonstrate that the Au nanoparticles reduced by PVCL 
microgels with different amount of CDs contain almost the same size and crystal mode. The 
amount of Au nanoparticles immobilized inside the microgels can be determined by TGA 
measurement. As shown in Figure 5.1.5 d to f, the amount of Au nanoparticles generated in the 
microgel is decreased from 20.07 wt.-% to 13.26 wt.-% when decreasing the CD concentration 
from 13.08 wt.-% to 1.03 wt.-%. 




Figure 5.1.6 Raw data of LUMiSizer measurements of PVCL-α-CD(1.03 wt.-%)  without (a) and loaded 
with Au-nanoparticles (b) and of the pure and loaded samples of PVCL-α-CD(13.08 wt.-%) (c and d). 
Relative increase of transmission of PVCL-α-CD(1.03 wt.-%) (e) and PVCL-α-CD(13.08 wt.-%) (f) 
without and loaded with Au-nanoparticles. 
The colloidal stability of the hybrid microgels have also been studied by comparing the Au-
loaded sample with its unloaded pure reference sample at 20 °C. As shown in Figure 5.1.6, the 
sedimentation velocity of both particle dispersions with and without gold nanoparticles was 
determined to measure the colloidal stability. The samples show a good colloidal stability in 
general as they do not precipitate completely with a relative low sedimentation velocity. Only 
a small decrease in stability has been observed for the microgels loaded with gold nanoparticls. 
For the hybrid microgels containing 1.03 wt.-% α-CD, the sedimentation velocity increased 




from 0.0466 μm/s for unloaded microgels to 0.0522 μm/s for particles loaded with gold. For 
the other sample which contains 13.08 wt.-% α-CD, the sedimentation velocity increased from 
0.0623 μm/s to 0.1147 μm/s. This demonstrates that the microgel dispersion does not lose its 
stability after deposition of gold nanoparticles, which is important for its use as catalyst system. 
 
Figure 5.1.7 TEM images and size distribution of PVCL-CD-Au microgel particles synthesized with 
different amount of 0.01 M HAuCl4: (a) 0.1 ml, (b) 0.2 ml, (c) 0.3 ml and (d) 0.4 ml.  
Gold nanoparticles can be effectively immobilized inside the PVCL-α-CD microgels because 
of the chemisorption between cyclodextrins and gold nanoparticles via hydroxyl groups. The 
size of the Au nanoparticles can be controlled by changing the amount of Au precursors. As 
shown in Figure 5.1.7 and Table 5.1, keeping the amount of CDs incorporated in the microgels 
unchanged (13.08 wt.%), increasing of the amount of HAuCl4 from 0.1 ml to 0.4 ml leads to 
an increase in the Au nanoparticle size from 6 nm to 9 nm. The UV-vis spectra of the PVCL-
CD-Au nanoparticles prepared at different HAuCl4 concentrations show us the same result. 
From the UV-vis spectra presented in Figure 5.1.8, it is found that the surface plasmon 
resonance (SPR) band of the Au nanoparticles red-shifted from 529 nm to 532 nm with band 
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broadening when the HAuCl4 concentration was increased from 4×10-4 M to 1.6×10-3 M, which 
indicates the size of the gold nanoparticles becomes bigger. In addition, there is a continuous 
increase of the absorption intensity of the absorption band, which is in good agreement with 
the finding that the amount of the Au nanoparticles increased with increasing HAuCl4 
concentration as shown in table 5.1. 
            
Figure 5.1.8 UV-vis spectra of PVCL-α-CD-Au microgel particles solutions with different amounts of 
HAuCl4. The insert image is the photograph of the PVCL-α-CD-Au microgel particle solutions with 
different amount of HAuCl4.  
Moreover, when the amount of HAuCl4 is increased to 0.4 ml, some secondary Au 
nanoparticles have been found in the system as shown in Figure 5.1.7d. This can be explained 
as the follows. As shown in Figure 5.1.9, α-CDs were adsorbed on the surface of Au 
nanoparticles due to the chemisorption with Au-COO-, because of which α-CDs can be 
considered as the surfactant for the generation of Au nanoparticles. Since the ratio of the α-
CDs in the hybrid microgels is constant, the excess gold nanoparticles will release from the 
hybrid microgels due to less interaction between the gold nanoparticles and the microgels. Thus, 
sample 2 in table 5.1 was selected for the following experiments, which shows the smallest size 
of Au nanoparticles and no secondary particles in the system. 




Table 5.1 Synthesis of PVCL-CD-Au hybrid particles with different concentration of HAuCl4 





PVCL-α-CD Au loading (wt.-%)  
(from TGA) 
dAu     (nm) 
(from TEM) 
1 0.1 ml 0.01 ml 1 ml 16.98 6.0±0.3  
2 0.2 ml 0.02 ml 1 ml 20.07 5.9±0.3  
3 0.3 ml 0.03 ml 1 ml 19.85 7.7±0.4  
4 0.4 ml 0.04 ml 1 ml 21.52 9.4±0.5  
 
 
Figure 5.1.9 Schematic overview of the immobilization of Au-nanoparticles in α-CD modified PVCL 
microgel.  
As discussed above, PVCL-α-CD microgels exhibit thermosensitive properties (see in Figure 
5.1.3 c). Figure 5.1.10 shows the hydrodynamic radii of the microgel particles before and after 
Au loading as a function of temperature. The Au-loaded microgel particles show similar 
volume phase transition temperature (VPTT) behavior as that of the bare PVCL- α-CDs 
networks. This result indicates that the immobilization of Au nanoparticles does not influence 
the thermosensitive properties of PVCL-α-CDs microgels and proves additionally good 
distribution of Au in the microgels. Moreover, a much sharper volume transition at 27.5oC can 
be observed for the PVCL-α-CD-Au particles. As we described above, α-CDs can be 
considered as the crosslinker points in the microgels. When the gold nanoparticles were 
fabricated inside the microgels, the amount of α-CDs as crosslinking units was decreased, 
which leads to a sharper volume transition at 27.5oC.6  
        




Figure 5.1.10 Hydrodynamic radius of PVCL-α-CD(13.08 wt.-%) microgels with and without Au 
nanoparticles as a function of temperature in aqueous solution.  
5.2 Catalytic activity of hybrid microgels 
As stated in the introduction part, stimuli-responsive microgels loaded with different kinds of 
metallic nanoparticles can be used as nanoreactor for different catalytic reactions. Here, we 
have demonstrated for the first time that the thermo-sensitive PVCL microgels modified with 
CD molecules can work efficiently as reducing agent and capping agent for the synthesis of 
gold nanoparticles. Moreover, because of the different complexation abilities of CDs with 
aromatic nitro compounds with various structures, the Au nanoparticles could show 
specific/selective binding abilities to certain reagents resulting in enhanced catalytic activity. 
5.2.1 Catalytic reduction of 4-nitrophenol 
The catalytic reduction of 4-nitrophenol by borohydride has been chosen as the model reaction 
to test the catalytic activity of the PVCL-CD-Au hybrid microgels. The reduction of 4-
nitrophenol (Nip) is one of the most often used reactions.13,31 It can be easily monitored by UV-
vis spectroscopy accurately. Firstly the Nip was mixed with excessive borohydride and then 
different amount of hybrid microgels as the catalyst was added into the mixture. The kinetics 
of 4-nitrophenol reduction in the presence of hybrid microgels was followed by UV-vis 
spectroscopy. As shown in Figure 5.2.1.1 b, after the addition of PVCL-α-CD(13.08 wt.-%)-
Au hybrid microgels, the peak at 400 nm, which represents the 4-nitrophenate ions, decreases 
gradually with time and a new peak appears at 290 nm, which comes from the product 4-
aminophenol. Because the BH4- is more than needed, the reaction follows a pseudo-first order 




reaction. The ratio of the concentration c of the 4-nitrophenol at time t to its original 
concentration c0 can be directly given by the ratio of the respective absorbance A/A0. As shown 
in Figure 5.2.1.1 a, linear relations between ln(c/c0) versus time have been obtained in the 
presence of different amount of PVCL-α-CD(13.08 wt.-%)-Au catalyst. The apparent rate 
constant kapp is taken from the slope of these linear sections.128  
Because the catalytic reaction happens on the surface of the Au nanoparticles, the catalytic 
activity depends on the total surface S of the Au nanoparticles immobilized every unit volume 
of the PVCL-CD microgels. Thus, in order to exclude the influence of particle size, a kinetic 
constant k1 can be defined through normalization to the total surface of the nanoparticles in the 
system129: 






           (5.2.1) 
where cNip is the concentration of 4-nitrophenol and S is the total surface of the nanoparticles 
in the reaction mixture, respectively. Here the normalized rate constants k1 can be used for 
direct comparison. 
 
Figure 5.2.1.1 (a) Kinetic analysis of the reduction of Nip using different amount of PVCL-α-CD(13.08 
wt.-%)-Au hybrid microgel particles as catalyst at room temperature. (b) UV-vis absorption spectra of 
Nip reduced by sodium borohydride using PVCL-α-CD(13.08 wt.-%)-Au particles as catalyst at room 
temperature. The inset shows typical time dependence of the absorption of 4-nitrophenolate ions at 400 
nm.  
As shown in Figure 5.2.1.2 b, k1 of 0.025 Ls-1m-2 has been determined for the PVCL-α-
CD(13.08 wt.-%)-Au particles. In comparison, CTAB-stabilized Au nanoparticles (see Figure 
5.2.1.2 a) and PVCL-α-CD(1.03 wt.-%)-Au have been also used as the catalysts for the same 
2016                                                                                                                                   He JIA 
72 
 
reaction. As shown in Figure 5.2.1.2 b, both of the PVCL-α-CD(13.08 wt.-%)-Au and the 
PVCL-α-CD(1.03 wt.-%)-Au contains a higher reaction rate than that of CTAB-stabilized Au 
nanoparticles and the reaction rate of the hybrid microgels modified with more α-CDs is 
slightly faster than that of the microgels modified with less α-CDs. The related reaction rate 
and particle size have been listed in table 5.2.  
 
Figure 5.2.1.2 (a)TEM image of CTAB-stabilized Au nanoparticles with radius of around 5 nm. (b) 
Rate constant (kapp) as a function of surface area of Au nanoparticles normalized to the unit volume of 
the system: PVCL-α-CD(13.08 wt.-%)-Au (squares), PVCL-α-CD(1.03 wt.-%)-Au (diamonds) and 
bare Au nanoparticles (triangles) at room temperature.  
As we described before, the size and crystal form of the Au nanoparticles in these two hybrid 
microgels systems are similar. The only difference between hybrid microgel systems is the 
amount of the CDs grafted in the PVCL microgels. Since nitrophenol has been proved to have 
complexation with cyclodextrin in aqueous solution,6 which will lead to the increase of the 
concentration of Nip around the surface of Au nanoparticles, the amount of α-CDs grafted in 
the system will directly affect the catalytic reaction rate with Nip.  
The complexation between α-CD and Nip can be easily monitored by UV-vis spectroscopy 
accurately. Such guest-host complex leads to the shift of the peak of Nip in the UV-vis spectra 
due to the transfer of the chromophore of the Nip from a polar aqueous environment to a 
hydrophobic environment within the α-CD cavity. In our study, UV-vis spectra have been taken 
by mixing Nip solution with different target systems. As shown in Figure 5.2.1.3 a and Figure 
5.2.1.3 b, the characteristic peak of Nip did not shift after mixing with bare PVCL microgels 
and CTAB-Au, which means there is no complexation between Nip and targets.  




Table 5.2 Rate constant k1 of different catalysts for the reduction of 4-nitrophenol (Nip)  
Sample 




PVCL-α-CD(13.08 wt.-%)-Au 0.025 5.9±0.3 
PVCL-α-CD(1.03 wt.-%)-Au 0.020 5.5±0.3 
CTAB-stabilized Au 0.008 10.9±0.4 
 
 
Figure 5.2.1.3 (a) The UV-vis spectra of 4-nitrophenol: Black, pure 4-nitrophenol; Red, mix with 
CTAB-stabilized Au nanoparticles with radius of around 5 nm. (b) UV-vis spectra of Nip mixed with 
PVCL (solid line) and pure Nip (dash line). (c) UV-vis spectra of Nip mixed with PVCL-α-CD(1.03 
wt.-%) microgels (dash line) and pure Nip (solid line). (d) UV-vis spectra of Nip mixed with PVCL-α-
CD(13.08 wt.-%)-Au microgels(solid line); PVCL-α-CD(13.08 wt.-%) microgels (dot line) and pure 
Nip (dash dot line). Concentrations: Nip: 10-5 mol/L; microgels: 0.203 mg/ml.  
In comparison, the characteristic peak of Nip shifted from 317 nm to 321 nm when PVCL 
microgel modified with 13.08 wt.-% α-CD is added as shown in Figure 5.2.1.3 d.  Similar shift 
can be also found for the PVCL-α-CD(13.08 wt.-%) microgels after the immobilization of Au 
nanoparticles. Moreover, when the amount of α-CDs in the PVCL microgels is too less, this 
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shift of the characteristic peak disappears as shown in Figure 5.2.1.3 c  for the PVCL-α-CD 
(1.03 wt.-%), which means the complexation is weakened with the decreasing of the amount 
of  α-CDs in the system. 
 
Figure 5.2.1.4 (a) Schematic illustration of the reducing procedure of Nip by PVCL-α-CD-Au hybrid 
microgels. (b) UV-vis spectra of Nip mixed with PVCL (dash dot); PVCL-α-CD(13.08 wt.-%)-Au 
microgels (solid line); PVCL-α-CD(13.08 wt.-%) microgels (dotted line). Concentrations: Nip: 10-
5mol/L; microgels: 0.203mg/ml; pH=10. (c) UV-vis spectra of Amp mixed with PVCL-α-CD (13.08 
wt.-%) (dot line) and pure Amp (solid line). 
Since the catalytic reaction of Nip is carried out under alkaline conditions, the complexation 
between α-CDs and PVCL-α-CD-Au (13.08 wt.-%) hybrid microgels has been also measured 
at high pH value. As shown in Figure 5.2.1.4 b, a similar red-shift of approximate 3 nm was 
found in the UV-vis spectra when PVCL modified with α-CD(13.08 wt.-%) was mixed with 
Nip at pH 10, which means such kind of complexation still exists under alkaline condition that 
the reduction of Nip starts with. In addition, according to the literature, the complexation 
between α-CD and 4-aminophenol (Amp), which is the reduction product, is not so stable as 
the Nip. As shown in Figure 5.2.1.4 c, no shift of the characteristic peak can be observed for 
the 4-aminophenol solution mixed with the PVCL-α-CD (13.08 wt.-%) microgels, which 
demonstrates that it is hard for the α-CDs to form host-guest complex with 4-aminophenol. 
This indicates that the product cannot occupy the cavities of α-CDs to influence the reaction 
speed.  




The mechanism of the reaction process has been shown in Figure 5.2.1.4 a, the complexation 
of 4-nitophenol with α-CDs that are attached on the Au particle surface favors the adsorption 
of 4-nitrophenol to the surface of Au nanoparticles. This will increase the local concentration 
of 4-nitrophenol on the gold nanoparticles surface, which leads to the increase of the rate 
constant. This effect will be more obvious when more CDs are incorporated into the PVCL 
microgels. That is why PVCL-α-CD(13.08 wt.-%)-Au particles show higher catalytic activity 
compared to PVCL-α-CD(1.03 wt.-%)-Au particles and both of the hybrid microgels show 
higher reaction rate than CTAB-Au nanoparticles. 
5.2.2 Catalytic activity for the different target compounds with hybrid microgels as the 
catalyst 
As introduced in the theory part, because the molecular structures of the CDs are truncated 
cone-shaped with a hollow, trapered cavity of 7.9 Å depth. For different kinds of CDs, the top 
and bottom diameters of the cavity are different, which have been shown in figure 5.2.2.1. Due 
to the hydrophobic central cavity, CDs can be used as the receptor to bind with various organic 
molecules to form inclusion complexes.188 Besides the hydrophobic interaction, steric effects 
are considered as another possible driving forces of the cyclodextrins inclusion complexation.  
In order to further prove that the CD modified microgels contain certain catalytic selectivity 
for the target compounds, the catalytic reduction of 2,6-dimethyl-4-nitrophenol (DMNip) by 
sodium borohydride in the presence of PVCL-α-CD(13.08 wt.-%)-Au microgels has been 
studied. DMNip has the similar structure with Nip but greater steric hindrance, which may 
weaken the ability of α-CDs to form host-guest complex with DMNip molecules. 
 
Figure 5.2.2.1 Structure and size of different kinds of cyclodextrin. 
As shown in Figure 5.2.2.2 a, there is no obvious shift for the characteristic peak of DMNip 
when it is mixed with PVCL-α-CD(13.08 wt.-%) microgels with and without loading of Au 
nanoparticles. This means the complexation between DMNip and hybrid microgels is too weak 
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to be determined, which is in a good agreement with our speculation above. The reduction of 
DMNip by NaBH4 using PVCL-α-CD(13.08 wt.-%) microgels as the catalyst has been 
monitored by UV-vis spectroscopy. The characteristic absorption peak of DMNip at 431 nm 
weakens with reaction time and the absorption peak of 2,6-dimethyl-4-aminophenol (DMAmp) 
at 293 nm increases gradually, which indicates the reduction of DMNip to DMAmp as shown 
in Figure 5.2.2.2 b. 
 
Figure 5.2.2.2 (a) The UV-vis spectra of DMNip: Black, mix with PVCL microgels; Red, mix with 
PVCL-α-CD(13.08 wt.-%) microgels; Blue, mix with PVCL-α-CD(13.08 wt.-%)-Au microgels. 
Concentrations: DMNip: 10-5mol/L; microgels: 0.203mg/ml. (b) UV-vis absorption spectra of DMNip 
reduced by sodium borohydride using PVCL-α-CD(13.08 wt.-%)-Au particles as catalyst.  
In order to compare the selectivity of PVCL-α-CD-Au hybrid microgels for Nip and DMNip 
during the catalytic reaction, the reaction constants k1 of different catalysts have been shown in 
Figure 5.2.2.3. A linear relation between kapp and the surface S of the Au nanocatalysts can be 
observed for both reduction of Nip and DMNip. The catalytic reaction rates have been 
summarized in Table 5.3, which makes it easier to compare the reaction rate from different 
systems directly. First of all, the Au nanoparticles immobilized in the PVCL-α-CD microgels 
show much higher catalytic activity than that of other catalyst systems for both catalytic 
reactions. This demonstrates that PVCL-α-CD microgels can work efficiently as reducing and 
capping agents for the generation of Au nanoparticles with high catalytic activity. More 
interestingly, it is clearly to see that the rate constant for the reduction of DMNip (k1 = 0.018 
Ls-1m-2) is slower than that of Nip (k1 = 0.025 Ls-1m-2) when PVCL-α-CD(13.08 wt.-%)-Au is 
used as catalyst. This is opposite to the result of the CTAB-stabilized Au nanoparticles, which 
do not have complexation with Nip as shown in Figure 5.2.1.3 in the last section. With CTAB-
Au nanoparticles as the catalyst, the catalytic reduction of Nip (k1 = 0.008 Ls-1m-2) is slower 
than that of DMNip (k1= 0.014 Ls-1m-2). Similar result has also been reported by K. S. Suslick 




that the reaction rate of Nip is slower than that of DMNip when using Au nanoparticles 
encapsulated in porous carbon as catalyst.189 
 
Figure 5.2.2.3 Rate constant kapp of the PVCL-α-CD(13.08 wt.-%)-Au and pure Au nanoparticles for 
the catalytic reduction of 4-nitrophenol (Nip) and 2,6-dimethyl-4-nitrophenol(DMNip) by sodium 
borohydride as a function of surface area S of Au nanoparticles normalized to the unit volume of the 
system. 
The enhancement in the catalytic reduction of Nip and DMNip in the presence of PVCL-α-
CD(13.08 wt.-%)-Au nanoparticles compared to other catalyst systems is due to the following 
reasons. Firstly, the hybrid microgel contains a good colloidal stability (see figure 5.1.6), which 
is usually not available in the other systems. Sencondly, without using any surfactant during 
the synthesis process of Au nanoparticles, the surface activity of Au nanoparticles will not be 
influenced by the covering of the surfactant. At last, because of the complexation of Nip with 
α-CDs, the local concentration of Nip on the Au nanoparticle surface increased. However, for 
the DMNip, this complex interaction is much weaker due to higher steric hindrance. As shown 
in Figure 5.2.2.2a, the complexation between PVCL-α-CD and DMNip is too weak to be seen 
from the UV-vis spectra, which may lead to a lower concentration of DMNip around the surface 
of Au nanoparticles than Nip. That’s why the reaction rate of DMNip is slower compared to 
that of Nip, which is opposite to the results of the other systems. This indicates that dependent 
on the complexability of the compounds with the α-CDs, the incorporation of α-CDs into the 
microgels will provide Au nanoparticles with different binding abilities to certain compounds 
leading to selective enhanced catalytic activity. 
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Table 5.3 Rate constant k1 of different catalysts for the reduction of 4-nitrophenol (Nip) and 
2,6-dimethyl-4-nitrophenol (DMNip). 
Sample 
 Reduction of Nip 
k1 (Ls-1m-2) 






0.025 0.018 5.9±0.3 
CTAB-stabilized Au 0.008 0.014 10.9±0.4 
USP* Au/C189 2.76*10-4 3.31*10-4 31 
*USP: Ultrasonis Spray Pyrolysis 
In conclusion, we reported the first time that Au nanoparticles can be fabricated in-situ within 
the PVCL-α-CD hybrid microgels without adding any reducing agents and surfactants. 
Moreover, the size and loading amount of the Au nanoparticles can be controlled by changing 
the HAuCl4 amount in the reaction. The presence of α-CD which acts as the surfactant in the 
microgels allows the homogeneous distribution of Au nanoparticles in the colloidal polymer 
networks. In addition, the immobilization of Au nanoparticles does not influence the 
thermosensitive properties of the PVCL-α-CD microgels. The hybrid particles still preserve 
good colloidal stability after loading of the Au nanoaprticles. The PVCL-α-CD-Au composite 
particles can work efficiently as catalyst for the reduction of aromatic nitro-compounds. Most 
importantly, due to the complexation between α-CDs and specific compounds, the synthesized 
hybrid microgels show different catalytic activity for the target compounds in the catalytic 
reactions. A significant enhancement in the catalytic activity has been observed for the 
reduction of Nip, which is different from the reduction of DMNip. Considering the selective 
binding/complexation properties of CDs with a variety of different guest molecules together 
with the reducing and stabilizing properties of the PVCL-α-CD microgels, the novel hybrid 
microgels developed in this thesis could create new opportunities for functional nanomaterials 




6. Summary  
This work is divided into two main parts: first, Cu2O@PNIPAM core-shell nanoparticles have 
been synthesized by a novel method. The corresponding photocatalitic activity and fluid 
properties for the fabrication of gas sensor devices have been studied. In the second part, Au 
nanoparticles have been synthesized in-situ within the α-CD modified PVCL microgels, which 
show different catalytic activity for the target compounds during the catalytic reactions. 
Cu2O@PNIPAM core-shell nanoparticle has been synthesized consisting of Cu2O nanocubes 
as the core and thermosensitive PNIPAM as the shell. Various factors affecting the coating of 
the PNIPAM shell have been studied and the thickness of the PNIPAM shell can be controlled 
by using different amounts of monomer and cross-linker. The colloidal stability of the Cu2O 
nanocubes  has been significantly enhanced after the modification of PNIPAM shell. In 
addition, with the protection of PNIPAM shell, the Cu2O nanocubes can be kept in water for 
months without oxidation. Compared to the bare Cu2O nanocubes, the core-shell nanoreactors 
show much higher catalytic activity for the photo decomposition of methyl orange under visible 
light, which is 450 times of that of pure Cu2O nanocubes at 15°C. Moreover, the photocatalytic 
activity of the Cu2O@PNIPAM core-shell microgels can be tuned by the thermosensitive 
PNIPAM shells as expected from theory.  
The significant inprovement on fluid properties of Cu2O nanocubes after modification of 
PNIPAM shells makes it possible to use the aqueous solution of Cu2O@PNIPAM core-shell 
nanoparticles as novel ink materials with low solid content (1.5wt. %) for the high resolution 
inkjet printing. No additional surfactants and organic solvents is required. Moreover, after 
burning off the PNIPAM shell, the CuO gas sensor devices made of core-shell nanoparticles 
contain larger surface area than that from the bare ones, which leads to higher gas sensitivity. 
The present work proves that modification of Cu2O nanocubes with PNIPAM shell will have 
a great potential for the applications of Cu2O nanoparticles, which is essential to understand 
the effect of PNIPAM shell on the properties of metal or metal oxide nanomaterials. 
The second part of this thesis is the in-situ synthesis of Au nanoparticles in the presence of 
PVCL-CD microgels without adding any reducing agents and surfactants. The size and loading 
degree of the Au nanoparticles within the microgels can be controlled by changing the amount 
of HAuCl4. Au nanoparticles are homogeneously distributed in the colloidal polymer due to 
the presence of α-CD in the microgels. The immobilization of Au nanoparticles does not 
influence the swelling-deswelling properties of the PVCL-α-CD microgels. Moreover, the 
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hybrid particles still preserve good colloidal stability after deposition of Au-nanoparticles. 
Most importantly, a significant enhancement in the catalytic activity has been observed for the 
reduction of Nip, while no obvious effect has been found for the reduction of DMNip due to 
the different complexes ability of α-CDs with specific compounds. Thus, the novel hybrid 
microgels developed in the present study could create new opportunities for functional 






Copper chloride (CuCl2), sodium dodecyl sulfate (SDS), sodium hydroxide (NaOH), sodium 
ascorbate, poly(diallyldimethylammonium chloride) (20 wt.% in H2O) (PDDA), 4-
styrenesulfonic acid sodium salt hydrate (NaSS), methyl orange (MO), 5,5-dimethyl-pyrrdine 
N-oxide (DMPO), N-isopropylacrylamide (NIPAM), N,N’-methylene-bis-acrylamide (BIS), 
Gold(III) chloride trihydrate (HAuCl4·3H2O), sodium borohydride (NaBH4), solid 
cetyltrimethylammonium bromide (CTAB), ascorbic acid (AA), acetoacetoxyethyl 
methacrylate (AAEM), N-vinylcaprolactam (VCL), 2,2’-Azobis(2-methylpropionamidin) 
dihydrochloride (AMPA), trisodium citrate, 2,6-dimethyl-4-nitrophenol (DMNip) and 4-
nitrophenol (Nip) were supplied by Aldrich. 2,2’-azobis(2-methylpropionamidine 
dihydrochloride) (V50) was supplied by Fluka.VCL was purified by distillation in vacuo. All 
of the reactants were used without further purification. Water was purified by a Milli-Q system. 
7.2 Synthesis procedures 
7.2.1 Synthesis of the Cu2O nanoparticles 
7.2.1.1 Synthesis of Cu2O nanocubes 
Cu2O nanocubes with size of 259±19 nm were synthesized by seed-mediated reaction modified 
with the method reported by Michael H. Huang’s group.28166 The process was shown in Figure 
7.2.1.1. Briefly, at first, a volume of 10 mL aqueous solution containing 10-3 M CuCl2 and 
3.3*10-2 M sodium dodecyl sulfate (SDS) was prepared. Then 250 μL of 0.2 M sodium 
ascorbate and 500 μL of 1 M NaOH solution was added sequentially with shaking for 5 s to 
prepare the seeds solution. 1 mL of this seeds solution was transferred to 9 mL solution 
containing 10-3 M CuCl2 and 3.3*10-2 M SDS with shaking for 10 s as the seeds solution for 
the next step. The same process was repeated for three times. In the last step, the volume of the 
reaction solution was scaled up to 81 mL. 9 mL seeds solution from the previous step was 
transferred into it. After shaking for 15 s, 2.25 mL of 0.2 M sodium ascorbate and 4.5 mL of 
1M NaOH was added separately with shaking for 8 s. After standing at room temperature in a 
dark place for 2 h, the color of the solution became orange due to the formation of Cu2O 
nanocubes. Then, the Cu2O nanocubes were washed by centrifugation with the speed at 3500 
rpm in water for 20 min and dispersed into 10 mL H2O. 




Figure 7.2.1.1 Schematic illustration of the procedure used to grow Cu2O nanocubes of different sizes. 
7.2.1.2 Synthesis of Cu2O nanospheres 
Cu2O nanospheres with radii ranging from 123 nm to 163 nm were prepared according to a 
typical procedure171 with different amount of surfactants. In a typical synthesis procedure, 30 
ml 0.02M Cu(NO3)2•3H2O was prepared and kept stirring for about 30 min at 250 rpm. 
Meanwhile 0.5 g Polyvinylpyrrolidone (PVP, average MW=55000) were dissolved in the 20 
ml water. After complete dissolution the PVP solution was added dropwise to the Cu(NO3) 
solution and the reaction mixture was then stirred for another 2 hours. Then 45.2 μL of 
hydrazine solution (35% N2H4 in water) was added to the reaction mixture drop-wisely. The 
color of the solution changed into orange immediately after the introduction of N2H4, which 
indicates the production of Cu2O nanoparticles. The resulting solution was kept stirring for 20 
min at room temperature and was then washed with H2O and EtOH several times by 
centrifugation and redispersion 
7.2.1.3 Synthesis of Cu2O@SiO2 core-shell nanoparticles 
Firstly, Cu2O nanocubes were modified with a thin layer of SiO2 as the follows. An amount of 
1.4 mg Cu2O nanocubes were dispersed into 30 ml H2O and then 0.16 ml (3-
Aminopropy)triethoxysilane (APTES) solution (0.001M) was added under the nitrogen 





was added drop by drop and the mixture was vigorously stirred for another 24 hours, followed 
by centrifugation and dispersing into 10 ml H2O.  
In the second step, the thick silica shell was modified under stöber conditions. Typically, 
another 90 ml ethanol was added into 10 ml of the above Cu2O@thin-SiO2 water solution. 0.05 
ml~5 ml NH3H2O (30%) solution was used to adjust pH of the mixture. Then, 30 μl TEOS was 
dissolved in 5 ml of ethanol and added slowly to the solution. After stirring for 24 hours, the 
samples were centrifuged and dispersed in ethanol for five times.  
7.2.1.4 Synthesis of Cu2O@PNIPAM core-shell nanoparticles 
In the first step, Cu2O nanocubes were modified with PDDA and NaSS as the follows. 2.6 g 
PDDA was diluted with 27.5 mL H2O and then 10 mL NaSS (0.024 M) solution was added 
with the rate of 20 mL/h. After stirring for another 2 hours at a speed of 500 rpm, 10 mL Cu2O 
（3.63×10-3 M）nanocubes solution was added into the mixed solution slowly. The excess 
PDDA and NaSS were removed by centrifugation (3500 rpm, 15 min) and the modified Cu2O 
nanocubes were dispersed into 5 mL H2O. The Cu2O@PNIPAM core-shell nanoparticle was 
prepared by precipitation polymerization. Under continuous vigorous stirring and nitrogen 
atmosphere, 5 ml solution containing the modified Cu2O nanocubes was heated to 75 °C. 
Thereafter, 1 mL V50 (0.018M) solution was added drop by drop as the initiator. The 
polymerization was started immediately with the addition of 29 mg NIPAM and 5.1 mg BIS 
(dissolved in 1 mL H2O). The orange solution became turbid after 10 min and the reaction was 
run for 2 h. The composite particles were then purified by centrifugation and redispersion in 
water several times. 
7.2.2 Synthesis of PVCL-α-CD-Au microgel particles 
7.2.2.1 Synthesis of PVCL-α-CD microgel 
The synthesis of the aqueous microgel dispersion was done using precipitation polymerization 
according to the literature.187 Acrylate modified α-cyclodextrin with an average substitution 
degree of three was prepared according to the literature37,38 and used for the synthesis of CD-
modified microgels. The monomers, 2.06 g (14.72 mmol) VCL, 0.05 g AAEM (0.23 mmol), 
0.02 g BIS (0.13 mmol) and 0.05 g (0.04mmol) or 0.30 g (0.26mmol) α-CD acrylate, 
respectively, were dissolved in 147 mL of water and added to a double-wall glass reactor with 
KPG-stirrer. The reaction mixture was purged with nitrogen at 70 °C under stirring (200 rpm). 
Afterwards, 0.02 g (0.07 mmol) AMPA in 3 mL degased water was added. After some minutes, 
a turbid dispersion was formed and the reaction was carried out for 8 h. Obtained microgels 
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were purified by dialysis using cellulose membranes with a MWCO of 12,000 – 14,000 Da. 
The dialysis was carried out for three days. To determine the actual α-CD content, a freeze-
dried sample was analyzed by FTIR-spectroscopy. 
7.2.2.2 Synthesis of PVCL-α-CD-Au microgel particles 
The procedure for the synthesis of the PVCL-α-CD-Au microgel particles is introduced as the 
follows. In the first step, an aqueous HAuCl4 solution (0.2 mL, 0.01 M) was added to 4.8 mL 
PVCL-α-CD solution (2.12 mg/mL) under vigorous stirring for 30 min. After that, 0.02 mL 
NaOH solution (1.0M) was added to the above mixture for the reduction of HAuCl4 in the 
presence of PVCL-α-CD microgels. The color of the solution changed slowly from light yellow 
to wine-red. The reaction lasted for 72 hours under magnetic stirring at room temperature. After 
the reaction, the products were cleaned by dialysis. 
7.2.2.3 Synthesis of CTAB-Au nanoparticles 
Au nanoparticles with radius around 5nm were prepared according to the seeds growing 
method.190 The seeds solution was prepared by adding 0.6 mL of ice-cold, freshly prepared 0.1 
M NaBH4 solution into a 20 mL aqueous solution containing 2.5*10-4 M HAuCl4 and 2.5*10-
4 M trisodium citrate solution and stirring for 4 hours at room temperature. Then 7.5 mL of 
growth solution (containing 2.5*10-4M HAuCl4 and 0.08M solid cetyltrimethylammonium 
bromide) was mixed with 0.05 mL of freshly prepared 0.1 M ascorbic acid solution. Afterwards, 
2.5 mL of seed solution was added while stirring. The stirring continued for 10 min after the 
solution turned into wine red. The Au nanoparticles were washed by centrifugation twice 
before the catalytic reaction. 
7.2.3 Catalytic reactions 
7.2.3.1 Photocatalytic measurements 
For testing the photocatalytic activity, 10 mL Cu2O@PNIPAM nanoparticles (0.10 wt. %) were 
dispersed into 90 mL of an aqueous solution containing 15.6 mg/L methyl orange. The samples 
were first stirred in the dark for 30 min in order to reach the equilibrium of the adsorption of 
MO into the Cu2O@PNIPAM core-shell nanoparticles. A 500 W Xenon lamp was used as the 
light source, which was placed 20 cm away from the samples. UV-vis absorption spectra of the 
samples were taken every 30 min by removing the cap to withdraw the solution. The 
temperature of the reaction was controlled by a water bath with an accuracy of ± 0.2°C. The 
reaction rate k can be defined through normalization of kapp to the total surface of the Cu2O 





of Cu2O nanocubes in the core-shell nanoparticles. For the calculation of the surface area (S) 
of the Cu2O nanocubes in the core-shell nanoparticles, the density of Cu2O (6.00 g cm-3) was 
used. 
7.2.3.2 Catalytic reduction of 4-nitropenol and 2,6-dimethyl-4-nitrophenol 
The catalytic activity was investigated as follows. Sodium borohydride solution (0.5ml, 0.1M) 
was added to a Nip solution (4.5ml, 0.11mM) contained in a glass vessel. The solution was 
purged with N2 to get rid of oxygen from the solution. Then a given amount of PVCL-α-CD-
Au particles was added. Immediately after adding the composite particles, UV-vis spectra of 
the reaction were taken every 20s in the range of 250-550nm. The catalytic process for DMNip 
is conducted the same as that of 4-nitropenol as mentioned above. 
7.2.4 Inkjet printing  
For inkjet deposition a Dimatix DMP-2831 printer system is used. Prior to the printing 
procedure the Cu2O and Cu2O@PNIPAM particle solutions are shortly redispresed using ultra 
sonic treatment for 30 s. 1 ml of the dispersion is transferred into the printer cartridge via a 
syringe and deposited onto MEMS sensing chips with a nozzle voltage of 37 ±2V, a droplet 
firing frequency of 2 kHz, a droplet pitch of 20 µm and a total area of 120 µm * 60 µm. Samples 
with varying amounts of superposed Cu2O and Cu2O@PNIPAM layers have been prepared, 
starting with a minimum of four stacked prints.  





SEM measurements were operated with SEM LEO GEMINI 1530 in secondary electron mode 
at 2kV. The samples for the SEM analysis were prepared by dropping 100µL sample solution 
with solid content of 0.026 wt.% on the silicon wafer and drying at room temperature. 
7.3.2 TEM and Cryo-TEM 
The sample solutions for the TEM measurement were diluted to 0.1 to 0.2 wt.% and dropped 
on copper grids. The TEM images were done with JEOL JEM-2100 at 200kV. Cryo-TEM 
specimens were vitrified by plunging the samples into liquid ethane using an automated plunge 
freezer (Vitrobot Mark IV, FEI). The lacey carbon copper grids (200 mesh, Science Services) 
have been pretreated by 10 seconds of glow discharge and equilibrated for 5 minutes at 15 °C 
or 50 °C inside the plunge freezer. Approximately 5 µl of a pre-temperatured 0.025 wt. % 
solution was given on the TEM grid and equilibrated at the adjusted temperature for 2 minutes 
in a water-saturated atmosphere. After blotting the liquid the specimen were vitrified, inserted 
into a pre-cooled Gatan 914 sample holder and transferred into a JEOL JEM-2100, operating 
at 200kV. 
7.3.3 XRD 
XRD measurements were performed in a Bruker D8 diffractometer in the locked coupled mode 
(2θ ranging from 10° to 80°) with Cu Kα1 radiation, the incident wavelength is 1.5406 Å. For 
the accomplished measurements the acceleration voltage is set to 40 kV and the filament 
current to 40 mA. 
7.3.4 UV-vis spectroscopy 
The UV-vis spectra were measured by a Lambda 650 spectrometer supplied by Perkin-Elmer, 
of which the visible spectra is generated by a tungsten-halogen-lamp and the UV-range is from 
a deuterium lamp. The temperature of sample environment is controlled by a thermostat (Julabo 
F30-C) with an accuracy of ±0.1 oC. Before the measurement, the absorption of distilled water 
was substracted and the sample solution was placed in a quartz glass cuvette. The extinction 






7.3.5 Thermogravimetric Analysis (TGA) 
TGA using a Netsch STA 409PC LUXX. Fifteen milligrams of dried samples were filled in 
the crucible and heated to 800 oC under a constant argon flow (30 mL/min) with the heating 
rate of 10 K•min-1. Then the samples were hold at this temperature for one hour. The weight 
loss was attributed to the polymer and the remaining weight to the metal content of the sample.  
7.3.6 FT-IR 
FTIR were carried out at a FT-IR Nexus (Thermo Nicolet). For quantitative measurements 
about 1 mg of sample was weighed, mixed with KBr and pressed to a pellet. The C-O-C-
absorption at 1034 cm-1 band was used for integration and to calculate the CD amount 
according to a calibration line. 
7.3.7 Near edge X-ray absorption fine structure – transmission X-ray microscopy 
(NEXAFS-TXM) 
Sample preparation for NEXAFS-TXM: The carbon coated copper grids have been pretreated 
by 10 s of glow discharge. Approximately 5 µl of a 0.1 wt% dispersion of the particles was 
deposited on a TEM copper grid with a carbon support film (200 meshes, Science Services, 
Munich, Germany). The grids were dried at room temperature. The NEXAFS-TXM spectra 
were recorded on the O-K-edge and the Cu-L2,3-edge with the HZB-TXM which is installed at 
the undulator beamline U41-FSGM at the electron storage ring BESSY II, Berlin, Germany. It 
provides a high spatial resolution close to 10 nm (half-pitch) and a spectral resolution up to 
E/ΔE ≈ 104. Typical spectra are presented for each set of measurements. The TXM allows 
measurements to be taken at room or liquid nitrogen temperature in a vacuum of 1.3x10-9 bar. 
The spectra were recorded at room temperature in transmission mode by taking a sequence of 
images over a range of photon energies covering the investigated absorption edges with a 
calculated E/ΔE > 5800 for the Cu-L2,3-edge and E/ΔE > 12000 for the O-K-edge. Note that 
the exit slit of the monochromator was set to 9 µm for the Cu-L2,3-edge and 7 µm for the O-
K-edge resulting in the given calculated monochromaticy values. The exposure time for one 
image with 1340×1300 pixels was 40 s for the Cu-L2,3-edge and 4 s for the O-K-edge to achieve 
a sufficient signal to noise ratio in the images. Taking an image stack with up to 226 images at 
different energies needs inherently about 45 to 120 min because of all necessary movements, 
exposure time, and camera read out time and image storage. The NEXAFS spectra were 
normalized since the photon flux varies as a function of photon energy (hν) and time in the 
object field (x, y). The normalization was performed by dividing the intensity I(x, y, hν) 
recorded on a single nanostructure by the intensity I0 (x+Δx, y+Δy, hν) recorded in its sample 
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free proximity at position (x+Δx, y+Δy). Both I(x, y, hν) and I0(x, y, hν) were recorded within 
the same image stack since bare regions in the vicinity of the nanostructures permit the 
measurement of I0. 
7.3.8 Electron spin resonance (ESR) 
Continuous wave ESR (cwESR) spectra were obtained on a Bruker ESP 300 spectrometer with 
a Bruker ER-4122 super high quality factor (SHQ) resonator at room temperature. During the 
ESR measurements samples immersed in the ESR resonator were illuminated through a 250 W 
cold halogen lamp (Schott KL 2500 LCD). For spin trapping 5,5-dimethyl-pyrroline N-oxide 
(DMPO) was used. A 50 µL aqueous solution of 50 mg/mL DMPO was mixed with 50 µL of 
Cu2O nanoparticle solution with a concentration of 0.20 mg/mL for the Cu2O@PNIPAM core-
shell microgels and 0.15 mg/mL for the pure Cu2O nanocubes, respectively, in order to ensure 
an equal amount of Cu2O in both samples. 20 µL of the mixed sample solution was filled into 
a Q-band ESR sample tube (inner diameter 1 mm). The resonator was critically coupled 
yielding quality factors of 4000-5000. Magnetic field modulation for phase-sensitive detection 
by means of a lock-in amplifier was employed at a frequency of 100 kHz and a peak-to-peak 
amplitude of 1 G. An incident microwave power of 2 mW was used for all measurements. 
Spectra were normalized by resonator quality and sample volume. 
7.3.9 Determination of the surface area (S) of the Au or Cu2O nanoparticles 
For the calculation of the surface area (S) of the metal nanoparticles, the density of Au 
(19.3g/cm3) and Cu2O (6 g/cm3) was used. TGA and TEM results have been used to obtain the 
amount and size of Au and Cu2O particles (assuming spherical shape of the Au nanoparticles). 
The size distribution of Au and Cu2O nanoparticles was measured using Image J software based 
on their TEM images. At least 100 units were counted. 
7.3.10 Dynamic light scattering 
The hydrodynamic radius of the samples as a function of temperature was conducted by 
Zetasizer (Malvern Zetasizer Nano ZS ZEN 3500). The detector was fixed at a scattering angle 
173° and the wavelength of the laser is 532 nm. 1 ml 0.01-0.001 wt.% sample solution was 
measured by using a disposable PS cuvette. Each measurement has been repeated three times 
and the dispersion has been left for 30 min prior measurement to attain thermal equilibrium. 
7.3.11 Zeta-potential measurement 
Zeta-potential measurement has been conducted with a Malvern Zetasizer Nano ZS. The 





approximately 0.01 wt. % dispersion in water. The scattering angle was fixed at 17° and the 
wavelength of the laser was 532 nm. Each measurement was repeated three times and the 
samples were left for 30 min before measurement to attain thermal equilibrium.  
7.3.12 Fluid properties characterization 
Surface-tension 
Surface-tension was measured at room temperature by Contact Angle System OCA20 from 
dataphysics using pedant drop configuration. 
Rheological measurements 
Rheological measurements have been performed with a stress-controlled rheometer (Physica 
MCR 301, Anton Paar) equipped with cone−plate geometry (CP50). Shear steady tests were 
done with shear rate increased process from 10 − 3 to 10 3 s − 1 and the decreased process from 
10 3 to 10 − 3 s − 1. 
Colloidal stability measurements 
Colloidal stability was analyzed using a LUMiSizer® from L.U.M. GmbH. The samples were 
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